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Preface to the Tenth Edition 


Form and function in biological systems, where survival is often the test of fit¬ 
ness. are inseparable attributes to be considered together for better understand¬ 
ing. In the study of the nervous system, where cells once formed survive as 
functional entities, sometimes for a century, the significance ot structural details 
is obviouslv great. Although this text is primarily an anatomical one it has the 
same aim as'that of the student using it, that is, to examine not only how the 
nervous system is made up but as far as possible how it works. 

In tlie preparation of this revision, inclusions and alterations have been 
made with the hope that they will aid the student in understanding. As in the 
former editions, the references to the literature that have been included are not 
meant to be exhaustive but are provided as suggestions for turther reading as 
well as to record newer information. 

The terminology adopted by tile International Anatomienl Xomcnclaliirc 
Committee in 1055 has been used wherever possible. Many iicuroanalomical 
terms however, were not included in that list and the accepted practise has 
been gencrallv the guide. Terms for parts of the cerebellum have been varied 
from the list of the IAXC to include studies by Larscll and others from a 

comparative and embryologic point ot view. 

Additions and modifications of the text and illustrations have been made m 
manv eases as the rcsnljs of suggestions from teachers and students who have 
observed needs as the text was used and have graciously pointed them out. to 
each of them I am distinctly grateful. It is a pleasure to express my appreciation 
for certain new illustrations by Miss Susan Wilkes, who blended with her art a 
keen knowledge of anatomy. To Dr. Sarah base. I am indebted lor the figures 
based on electron micrographs, winch she prepared. Sincere applanation is < 
for the constant patience and care shown by Mrs. Margaret Martin in tie 
preparation of the manuscript and in other phases ot the work ol rcusiom 
The publishers have been generous with time and advice and am gia i 
lo them The memories of my association with Dr. Kaiison and Ins work are 
alwavs pleasant, and they e,instantly affcclM the preparation ot tins revision ol 

the text lie originally created. _ . c,,, L . r , AItK 
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CHAPTER I 


The Origin and 

Function of the Nervous System 


Introduction. Basic to the interpretation of any behavior of man, from 
the simple knee-jerk to the creation of a poem or the splitting of the atom, lies 
the knowledge of the form and function of his nervous system. There is no 
guarantee, of course, that an understanding of anatomy and physiology will 
allow one to turn out a work of art or an invention; for that matter, such 
knowledge does not assure complete understanding of even less abstract func¬ 
tions. But in the problem of studying the nervous system through its own eyes, 
ears and other senses, tangible beginnings are desirable; hence, the study of 
structure often, precedes, but is closely accompanied by, the study of function. 

Furthermore, a study of the form and behavior of lower animals, whose 
nervous mechanisms, though simpler in form, appear to be similar in many ways 
to man’s, often clarifies the more elaborate situation in human behavior. In 
the study of form and function of the nervous system, there is thus abundant 
material to examine before a stage is reached in which an introspective analysis 
of the facts and factors which make each of us an individual can be properly 
evaluated. But, as the study of man and his works is the eventual objective, it is 
well to take a large, general view of him before examining small particulars. The 
view is, of course, bound to be biased, as it is somewhat like looking in a mirror. 

With neural mechanisms delicately attuned to receive stimuli arising from 
different kinds of environmental changes, both internal and external, and equally 
ready to initiate appropriate responses, man observes and listens, reacts, manipu¬ 
lates and contemplates, storing within his own brain records of his experience. 
That the effects of experience are not all temporary is indicated by homely 
sayings such as the burnt child fears the fire, and even more strongly by the fact 
that man can say anything at all or be understood by his fellows. 

The phenomenon of communication, though common enough in lower ani¬ 
mals, reaches its peak of development in man’s ability to use words—those 
worthless, priceless symbols of thought. 

In recent years students from various disciplines, psychologists, engineers, 

1 


o 

-w 


AxATO.MV OF TUK NkRVOI’S SVSTHM 


physicists, physiologists, mathematicians and others, have stu<Ii<*<I eoinmuniea- 
tion imdcr the title of information theory, and all have been concerned basically 
with how the nervous system works. Knowledge of the underlying connections 
and arrangement of nerve cells forming the nervous system itself often provides 
information which aids the understanding of theories as well as of the more 
strictly anatomical and physiological details. Often the latter serve to provide 
limitation to theories, and, in turn, the theories often lead to discovery of sound 
morphological details. 

With the spoken word man can transmit ideas to his contemporary neigh¬ 
bors, with the written word he can communicate with others remote in space or 
time. The preservation of such written communications in the form of scratches 
on the hones of Yin, cuneiform inscriptions on clay tablets, glyphs upon stone 
and papyrus, printer's ink upon paper and silver precipitate upon microfilm 
allow each subsequent generation of man to begin where the previous one left 
off. As a result of such stored speech, all the present day artifacts of civilization 
have been produced, the information necessary to this being beyond the capacity 
of a single mind to preserve without the aid of libraries, which the mind devised. 
Such libraries give justification to, if that is needed, as well as tangible evidence 
of man's advantageous habit of collecting anything he likes, whether or not he 
sees immediate use for it. As the study of the nervous system proceeds, the 
student will find many practical functional bits of information among others 
not so immediately useful, though no less interesting to an inquiring mind. 

Despite the complexities of the reactions and morphology of the nervous 
system of vertebrates, certain fundamental patterns recognizable in the lowest 
forms of animal life remain evident in it. And just as a consideration of the 
embryology of the vertebrate nervous system aids in the understanding of its 
mature form, a study of the origins of behavior phylogenetieally and ontogeneti- 
eally is equally illuminating. A few examples may illustrate the possibilities in 
such studv. 

Organisms without Neurons. When an ameba is touehed with a pointed 
glass rod, changes are initiated in the superficial protoplasm which are trans¬ 
mitted through the unicellular organism, resulting in a flowing out of pseudo¬ 
podia ou the opposite side. Through a continuation of this streaming motion the 
entire organism moves away from the source of stimulation. Thus the relatively 
undifferentiated living substance of which it is composed receives the stimulus, 
transmits the resulting disturbance, and carries out the appropriate response. 

In other one-celled animals, modifications appear that have special use in 
the phenomenon of response to stimulus, as the cilia with which the paramccium 
moves about, or the contractile fiber in the stalk of vorlicella, which is muscle- 
like in its function. If some free-swimming form, a paramccium for example, 
bumps into the bell-shaped body of a feeding vorticella, the short, rope-like stalk 
with which it is tethered contracts quickly into a tight spiral, withdrawing the 
animal from the source of danger. In the vorticella, the protoplasmic body, as 
in the ameba, receives the stimulus and transmits the impulse, but the spe¬ 
cialized fiber in the stalk produces the main responses by contracting (Fig. 1) . 

When simple metazoa are examined, specialization in form and function of 
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separate cells and cell groups is observed. A kind ot‘ muscle appears (Parker, 
1910) before there is any trace of a nervous system. In sponges, for example', 
although there are no nervous elements there is a contractile tissue not unlike 
smooth muscle about the oscula. which are thereby able to close and open in 
response to direct local stimuli. 



Figure 1 . An aineba (left) putting'out pseudopodia in response to some stimulus: and two vorti- 
cellae (right), one extended in the position of feeding and one contracted following contact with 
some passing organism. Note the contractile fiber in the stalk of the vorticellac. 


I 
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Figure 2. Stages in the differentiation of the neuromuscular mechanism. A to C, Hypothetic 
early stages: A, epithelial stage: B. muscle cell at the stage of the sponge: C. partially differentiated 
nerve cell in proximity to fully differentiated muscle cell: /). nerve and muscle cell of coelentcrale 
stage: E. a type of receptor-effector system found in many parts of sea anemones, including not 
only receptors, r. with their nerve-nets, and muscle cells, w. hut also ganglion cells, </, in the nerve 
net: /’, section at right angles to the sphincter of the hell of a jellyfish (Rhizostomn): c. epithelium 
of the subumbrellar surlaee: n , nervous layer; mi, muscle layer. (1 aikci.) 

Nervous Mechanisms of Invertebrates. Next in the order ot appearance is 
the sensory cell, derived from the epithelium in the neighborhood of an effector, 
and specially differentiated to receive .stimuli and transmit them to the under¬ 
lying muscle (Fig. 2, D ). This arrangement is found in the tentacles which 
surround the mouth in sea anemones. The advantage which these tonus derive 
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from tlie specialized sensory cells or teceptor.s is seen m tin* clmractei ol linn 
responses, which an* more rapid than lhose ot sponges. Because there are no 

long nerve fibers lho. reactions are purely local. 

But coclcnlerales usually present a more complex arrangement ot reoeptoi 
and effector elements than that indicated in Fig. 2, D. Fine branches from the 
sensory cells form a nervous net within which are scattered nerve cells. Such a 
nerve net is seen in many parts ot sea anemones (log. 2, />) and is will <h \< lop< d 
in the jellyfish (Fig. *2, F ). The processes of the individual cells are not fused but 
are in close contact, so that an impulse must pass from one cellular unit to 
another across a synaptic interval. But the interconnections between the cells 
in the net are so numerous that conduction, although it can occur in one direc¬ 
tion only through a synapse, is diffuse when the net as a whole is considered. An 
impulse is propagated in all directions through the nerve net. In this lespect the 
diffuse nervous system of the coclcnterates is in contrast with the more cen- 
tralized system in the worms, which demonstrates the next impel taut step in 

specialization of the nervous mechanism. 

Centralization. The sensory cells arc not so directly connected with muscle 
fibers in the worms as in the sea anemones, for between receptor and effectoi 
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Figure 3. Anterior portion of the nervous system of the earthworm: A, Lateral view; B . dorsal view. 

there is here interposed a eentral nervous system. This system, as it appears in 
the earthworm, is illustrated in Fig. .‘>. It consists ot a pair ot cerebral ganglia 
dorsal to the buccal cavity and a row of ventrally placed ganglia bound together 
By p ventral nerve cord. The most anterior ot the ventral senes of ganglia is 
connected to the dorsal ones by nerve strands on either side of the esophagus. 
The ganglia of the ventral cord are placed so that one occurs in each body 
segment, and from each, three pairs of nerves run to the skin and muscles ot that 
segment. The arrangement of the constituent elements can best be studied m 
transverse sections (Fig. 4). The sensory cells are located in the skin, and 
from each of them a fiber runs along one of the nerves into the ganglion, within 
which it branches, helping to form a network known as the neuropil. Within 
each ganglion are found large nerve cells from which fibers run through the 
nerves to the segmental musculature. Here there are the necessary pails loi 
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the simplest reflex are. Stimulation of the sensory eell causes nerve impulses 
to travel through its fiber to the neuropil, llienee to a motor eell. and finally 
along a process of the latter to the muscle. In other words, there is a receptor, 
conductor, center, another conductor, and finally an effector: all of which bring 
the muscle fiber under the influence of such environmental changes as are able 
to stimulate’ the sensitive receptor. 

In addition to the primary sensory and motor elements just enumerated, the 
ganglia contain nerve cells, the fibers of which run from one ganglion to another 
and serve to associate these in coordinated activity. These internuncial elements 
serve to establish functional connections among the different parts of the 
mimdionatcd nerve cord that constitutes the central nervous apparatus: and 
they lie entirely within this central organ. The slow waves of contraction that 
pass from head to tail as the worm creeps forward may be spread from segment 
to segment bv such internuncial or association elements. 


*3 



Figchk 4. Transverse section of the ventral chain and surrounding structures of an earthworm: 
cm. Circular muscles-. cj >. epidermis: 1m. longitudinal muscles; me. motor eell body; mj. motor nerve 
fiber; sc. sensory eell body; sj, sensory nerve fiber; vg. ventral ganglion. (Parker.) 


The nervous system of the earthworm differs from that of the coclentcratc 
in many ways, but the fundamental difference is one of centralization, since in 
the worm the greater part of it has separated from the skin and become con¬ 
centrated in a series of interconnected ganglia which serve as a central nervous 
system. These ganglia receive nerve fibers, coming from the sense organs, and 
give off others, going to the muscles: and both types of fibers are brought 
together and grouped into nerves for convenience of passage between remote 
parts of the organism. The neuropil within a ganglion offers a variety ot path - 
ways to each incoming impulse which may accordingly find its way out along 
one or more of several motor fibers. The spreading of nerve impulses through 
the chain of ganglia is facilitated by the presence of the association fibers 
already mentioned. Nevertheless, conduction is not diffuse as in the nerve net of 
the medusa, but occurs along definite and more or less restricted lines related to 
the symmetry of the animal s form, flic earthworm, like higher forms ot animal 
life, has an anterior end which is thrust forward into new environment in normal 
locomotion as the animal seeks and consumes food. The specialization of the 
anterior end for feeding and exploring is reflected in even this lowly form in modi- 
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ficalion of Mir anterior part of the nervous system, and the brain of higher 
forms is forecast. In general, incoming impulses tend to be conducted antero- 
postcriorly. It is stall'd Unit, if a crawling earthworm is quickly chopped in two. 
the anterior part continues to crawl forward in coordinated fashion while the 
posterior part is thrown into incoordinate wiggles, as a result of the excessive 
stimuli arising at the cut, but conducted predominantly eandalward. 

Pattern of the Vertebrate Nervous System. The vertebrate nervous system 
has much in common with that of the earthworm. The central nervous system of 
the annelid is split off from the ectoderm by a process of delamination, as will 
ho seen by comparing the ventral nervous cord of the marine worm. Sigalion, 
with that of the earthworm (Figs. 4, 5). Through a comparable process of 



Figure o. Transverse seetion of the ventral nervous cord of Sigalion: bin. basement membrane: 
c, eutienla: c, epidermis; </c , ganglion cells; /?, uer\e fibers and neuropil; x. >paee occupied by vacu¬ 
olated supporting tissue. (Parker. Halschek.) 


infolding of the ectoderm to form a neural tube, there is developed the central 
nervous system of the vertebrate (Fig. 12). The dorsal position of the neural 
tube in vertebrates, as compared with the ventral position of the solid nerve cord 
of the annelid, offers some difficulty in explanation of their phylogenetic rela¬ 
tionship, and has led to ingenious theories. In primitive chordates, such as the 
amphioxus, there is already a simple, dorsallv placed, neural tube associated 
with segmented nerves. In true vertebrates the anterior end of the neural tube 
becomes irregularly enlarged to form the brain, while the posterior part remains 
less highly but more uniformly developed and forms the spinal cord. 

There is further similarity in tin* nervous systems of vertebrates and the 
higher invertebrates in the location of primary motor and sensory nerve cells. 
Jn both types the primary motor cells lie within the central nervous system and 
send axons through nerves to the muscles, while the primary sensory cells lie 
outside the central nervous system. In lower forms the sensory cells tend to lie 
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in or near the covering epithelium. In vertebrates the primary sensory cells for 
>mell are located in the olfactory epithelium, hut all others have migrated cen¬ 
trally along the sensory fibers, and send one process toward the periphery and 
another into the central system. The relative positions of these cells in the 
annelid, mollusc, and vertebrate are illustrated in Fig. (i. In the la<t the sensory 
cells are aggregated into masses known as the cerebrospinal ganglia, which are 
associated with peripheral nerves and are usually placed near the point of origin 
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1‘ Kii UK (>. 1 Vri |*1 turn I ><‘ii>ory neurons oi vurious iiuiuuds: .1, Oligoeluielie worms Euuibi icus) , 

H. pnlveliaelie worms (Nereis): ('. molluscs (l.inmx): I). vertebrates. 1 he figure ill list i sites the 
grad mil clmnuc m the position ol the sensory cells m the phylogenetic series, c. Epithelnil tells ol 
sensory surface: r. eutieiila: sc, cell body of peripheral sensory neuron: nn, rete Malpiglui of epi¬ 
dermis: .v/i. axon: co. central nervous system. (Barker. Hetzius.) 

of these nerves from the brain or spinal cord. A comparison of Figs. 4 and 9.5 
will show it striking similarity between the simple reflex arc in the earthworm 
and in man. 

In higher animals with larger size of body and the acquisition of more com¬ 
plicated reactions, long lines of communication have been established between 
peripheral sense organs and muscle fibers, as well as other effectors, in widely 
separated parts of the body. The lines of communication constitute the nervous 
system, and through it messages started by sensory receptors in response to 
change's in the environment at a particular location reach more or less appro¬ 
priate effectors and a response is produced. Environmental influences are 
internal as well as external to the animal, andean important part of the function 
of the nervous system is to transmit the impulses necessary for internal adjust¬ 
ments in bodily functions. In the adjustments, not only muscles, but glands. 

























8 


Anatomy of the Nkkvoi's System 

certain pigmented cells (as chroma tophorcs) and electric and phosphoicscent 
organs arc involved as effectors. 

Telencephalizalion. In lusher iornis as adaptation lo environment occmicd 
and specialization of parts evolved, the head end, which meets hist the changing 
external environment, developed the special senses and special organs foi oiptm 
iii<>• and consumin'!,' food, for respiration, and, in air-breathing forms, for vocaliza¬ 
tion. Accompanvmg these regional developments the* brain became moie elabo¬ 
rate and the more complex parts of it developed at the' anterior end. 1 his piocess 
of developin'!; toward the anterior end of the brain an increasin'!; number of 
functions and nerve cells is a pattern observable through different species ot 
animals and has been termed t elcucc phahzat ion. iNIan s brain diffcis tiom that 
of other mammals chiefly in the greater elaboration of cortical areas, as m the 
temporal, parietal, and frontal lobes. I his is especially notable in tin* fiontal 
lobes of the cerebrum where higher thought processes appear to focus. No doubt 
new functions of the brain it they develop may be anticipated in this legion, but 
perhaps the capacity of man's frontal lobes has not yet been sufficiently 
exploited. 

To make somewhat clearer the arrangement of the human brain, which 
becomes bent upon itself and convoluted on the surface, it is advantageous to 
become acquainted with the parts of the brain of a vertebrate such as the dogfish 
whose central nervous system is not bent, and in which relationship of parts 
can be more clearly made out. 

THE BRAIN OF THE DOGFISH—SQUALUS ACANTHIAS 

The anatomical pattern of the central nervous system is common to all 
vertebrates. It is essentially a tubular structure whose walls vary in thickness 
and shape in different regions. The more posterior part, the spinal cord, has a 
fairly uniform diameter; but the anterior part, the brain, is markedly modified in 
thickness and form in its separate portions. The brain has three recog¬ 
nizable main subdivisions which, in order from the caudal to cranial end, 
are hindbrain (rhombencephalon), midbrain (mesencephalon) and torebrain 
(prosencephalon). 

Rhombencephalon. The medulla oblongata , which together with the cere¬ 
bellum forms the rhombencephalon, is continuous at the caudal extremity with 
the cylindrie spinal cord, and within it the central canal of the spinal cord 
opens out into the fourth ventricle (Fig. 7). The medulla, which has somewhat, 
the shape of a truncated cone, is rostrally considerably larger than the cord, but 
decreases in size as it is traced backward toward the point of junction with the 
cord. In the mammal, a conspicuous transverse bundle ot libers associated with 
the cerebellum is found on the ventral and lateral aspects of the metenccphalic 
portion of the medulla; and since this bundle appears to bridge between the 
two sides of the hindbrain it was called the pons, a name that is sometimes used 
to include the part of the metcnccphalon that is the direct continuation of the 
myclcnccphalon. In the fish it is customary to consider as the medulla oblongata 
all the axial part extending from the spinal cord to the mesencephalon. It forms 
the ventral and lateral walls of the fourth ventricle; and when the roof of this 
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Figure 7. The brain of the dogfish, Squalus Figure 8. The brain of the dogfish, Squalus 
acantliias, dorsal view. acanthias, with the ventricles opened, dorsal 

view. 
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Figure 9. The brain of the dogfish, Sgualus acanthias, lateral view. 
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cavitv lias been removed I hose walls arc seen to surround a long and rather 
» 

broad depression — t Ik* fossa rhomboidea or floor of the fourth ventricle which 
tapers eaudally like the point of a pen (Fig. 8). 

The cerebellum forms an elongated mass attached dorsallv to the medulla 
over which it projects eaudally, while its rostral end overhangs the optic lobes 
of the mesencephalon (Fig. 7). Its dorsal surface is grooved by a pair ol sulci 
arranged in the form of a cross. It contains a cavity, a part of the original 
rhombcncephalic vesicle, which communicates with the fourth ventricle proper 
through a rather wide opening (Fig. 10). Behind the cerebellum, the fourth 
ventricle possesses a thin membranous roof which was torn away in the prepara¬ 
tion from which Fig. 7 was drawn (Fig. 10). 

Mesencephalon. The optic lobes on the dorsal aspect of the mesencephalon 
arc a pair of rounded masses separated by a median sagittal sulcus. They repre- 
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Figure 10 . The brain of the dog-fish, Squolus acanthias, medial sagittal section. 

sent the bulging roof of the mesencephalic cavity and arc accordingly spoken of 
as the tectum mcscncephali. Within this roof end the fibers which come from 
the retinae through the optic nerves. The floor of the cavity is formed by the 
ventral part of the mesencephalon. This appears like a direct continuation of the 
medulla oblongata, and in the mammal the crura cerebri are developed on its 
ventral surface. Emerging from the roof of the mesencephalon between the 
cerebellum and optic lobe is the fourth or trochlear nerve , and from the ventral 
aspect of this division of the brain arises the third or oculomotor nerve. 

The Dieneeplialon. The thin roof of the diencephalon, which can easily be 
torn away so as to expose the third ventricle (Figs. 9, 10), is attached by its 
caudal margin to a ridge containing a pair of knob-like thickenings, the habenular 
nuclei , and a commissure connecting the two. From a point just caudal to the 
middle of this commissure, there projects forward over the membranous roof of 
the ventricle a slender tube, the epiphysis cerebri or pineal body (Fig. 10), 
which comes in contact with the roof of the skull and ends in a slightly dilated 
extremity. The epiphysis and habenular nuclei belong to the epithalamus. The 
thalamus forms the thick lateral wall of the third ventricle and is traversed by 
the optic tracts on their way to the optic lobes. The hy poth ala mils is relatively 
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large in the shark and presents, in addition lo a pair of laterally placed oval 
masses, or interior lobes, a thin-walled vascular outgrowth, the saceus easculosus 
(Figs. I), 10). Closely related to the ventral aspect of the hypothalamus is a 
glandular mass, derived by a process of evagination from the oral epithelium, 
and known as the htj/iopht/sis. On the ventral surface of the hypothalamus the 
optic nerves meet and cross in the optic cliiasma. 
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Imgvre 11. Dissection of the brain and cranial nerves of the dogfish. Scylliuni ejitnlns. The eye 
is shown on the left side, but has been removed on the right. (Marshall and ilnrsl. Parker and 
I Inswell.) 



Figure T2. Development of neural tube and neural crest. 

The telencephalon includes all of the brain in front of the velum 1 rausrersum. 
a transverse fold projecting into the third ventricle from the membranous roof 
(Fig. 10), and consists of a median unpaired portion, and of the two cerebral 
he unspheres with their oljactori/ bulbs. The hemispheres are the evaginaled 
portions of the telencephalon which, though partially separated from each other 
by a median sagittal fissure., are closely united by a massive plate that forms 
the medial walls of both lateral ventricles and enters into the boundary of each 
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interventricular foramen (Fig. 8). From tli<‘ In l<*r;iI side of I hr io.-li<il < ml ol 
the hemisphere there projects forward tin* long and slender olfactory tract with 
a terminal enlargement, the olfactory ball). This lies in contact with the nasal 
sae to which it gives off a number of fine nerve bundles, which together con¬ 
stitute the olfactory or first cranial nerre. At the rostral end of the brain, an 
additional nerve makes its exit Ironi the hemisphere. It is known as tin' ikjius 
lerminalis and can be followed forward over the olfactory tract and bull) to the 
nasal sac (Fig. ?). A good idea of the shape and connections of the various 
brain ventricles and of the relation ot tin' various parts ot tin* brain to each othc 1 
can be obtained from a study of Figs. S and 10. 

The roof of llie selachian forebrain presents a number of si mein res of great morphologic inter¬ 
est. two of which have already been mentioned, namely, the epiphysis and velum Iransversum. 
The former is an onlpoekeling of the roof of the dienoophalon: the latter is an mloldmg and marks 
the line of separation between the two divisions of the prosencephalon. Rostral to ihe velum the 
roof of the telencephalon is evaluated to form a thin-walled sae. the para pin/six. Ihe velum and 
paraphysis are readily identified in the mammalian embryo, but become obscured m the course 
of later development. 

DEVELOPMENT OF THE NEURAL TUBE IN THE HUMAN EMBK\O 

In its embryonic development the nervous system of man presents some¬ 
thing' like a synopsis ot the early chapters of its phyletic histoiv. Fuithcimoic, 
so similarlv do different species ot vertebrates develop that it makes little difltci 
cnee whether the early stages of human or pig embryos are studied. 

Each individual begins as a single celled structure, the fertilized ovum, 
which, after a series of cell divisions, forms a hollow ball ot cells. Within this 
is a mass of cells which develops into the embryo proper. This inner cell mass 
develops by the formation of two adjacent hollow spheres of cells, one sphere 
being the ectoderm and the other entoderm. Along the line of fusion of these 
lwo structures is the primitive streak and primitive knot, and in the ectoderm 
extending anteriorly from the primitive knot a thickening appears by multiplica¬ 
tion of its cells. This is the neural plate which, by modification of its shape, 
becomes the neural groove. 

By the middle of the third week of development, when the human embryo 
is only about 1.5 mm. in length, the neural groove is indicated. Flic groove 
rapidly develops into a lube which m closing is associated with the formation ot 
the neural crest, at first band-like, then segmented as ganglia are forecast. B\ 
the fourth week, when the embryo is about 5 mm. long, the neural tube is closed, 
the three primary brain vesicles are appearing, and nerves and ganglia arc 
forming from neural crest cells (Fig. E2). The great significance of these early 
periods to the completeness of the mature brain is worth contemplating. The 
shifting of only a few cells m the wrong direction or the failure ot a small part ot 
the neural lube to close in an embryo less than half a centimeter in length could 
result in the death of the embryo, or serious malformation. 

Except that it is flexed on itself, the brain of the human embryo of fire 
u'ceh's (Fig. 15) shows a marked resemblance to the diagram of a vertebrate 
brain without cerebral hemispheres (Fig. 15, C\ D ). 'Phe proscncephalic vesicle 
is divided bv a constriction into the telencephalon and diencephalon with freely 
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intercom mu moating cavities. The mesencephalon is well defined and presents 
a sharp bend, the eeplialie flexure. 1 he rhomI)eneephalon shows .signs of sepa- 
l'alion into the mctcncephalon and myclencephalon and is bent at the pontile 
flexure. Another curvature which develops at the junction of the brain and 
spinal cord is known as the cervical flexure (Fig. 10). The pontile flexure later 
straightens and is not found in the adult brain. The two others become less 
pronounced as development progresses: the cervical flexure is nearly lost and 
the cephalic flexure greatly reduced (Fig. *28). 

hrom the walls of the prosencephalon there develop outpockelings on either 
side, which form the optic cups and which are connected with the brain by the 


.1 


Dicnccphalon 
T elencephalon 


Mesencephalon 


B 

Thalamus 



Mesencephalon 


Optic 
cup 

Pontile flexur 


M yelencephalonc 


da-Isthmus 


Cerebellum 


Medulla oblongata 


Figcrk 13. Reconstructions of the brain of a 7 mm. embryo: A. Lateral view: B, in median sagittal 

section. (IIis. Prenliss-Arey.) 


optic stalks. From the cup develops the retina and through the stalk grow the 
fibers ol the optic nerve. These structures are, therefore, genetically parts of 
the brain. 

The Telencephalon of the Human Embryo. By the time the embryo has 
reached a length of 18 mm. the brain has passed into the stage represented by 
diagrams E , F, G of Fig. 15. The lateral wall of the telencephalon, with tin* 
corpus siriaium and olfactory brain or rhincnccphalon , has been evaginated on 
either side to form paired structure's, the cerebral hemispheres (Fig. 10). Except 
for the corpus striatum and rhincnccphalon the evaginated wall is relatively 
thin, is known as the pallium , and develops into the cerebral cortex. The lateral 
reu(rides within the hemispheres represent portions of the original telencephalic 
cavity and communicate with the third ventricle through the interventricular 
foramina, which at this stage are relatively large. The lamina termiualis, con¬ 
necting the two hemispheres in front of the third ventricle, represents the orig¬ 
inal anterior boundary of the telencephalon* immediately behind this lamina 
is a portion of the telcncepludic cavity which forms the anterior part of the 
third ventricle. The further development of these structures is readily traced 
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the human neural tube. Differences in size are masked by the 
of the younger embryos. (Streeter, Arey.) 
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in Fig. 17, which represents the brain of n human fetus of the third month. 
Comparing' this figure witii Fig. l 2S. in which the primary emhryologie divisions 
ot the hrain are clearly labeled, it will be seen that the most striking feature 
ot the development of the telencephalon is the great increase in size of the 
cerebral hemisphere. 
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Figure 10. A median .section of the brain of a 13.0 mm. human embryo: 1, Optic* recess; *2, ridge 
formed by optic chiasma; 3, optic chiasma; 4, infundibular recess. (Ilis, Sobotta.) 
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The brain of a fetus of the third month in median sagittal section. (Ilis. Sobotta.) 


The Diencephalon. The three principal divisions of the dieneephalon—the 
thalamus, epithalamus. and hypothalamus —faintly indicated in an embryo of 
13.(5 mm., are well defined by the third month (Fig. 17). Jn transverse sections 
this division of the embryonic brain is.seen to be composed of a pair of plates 
on either side, which with a roof and floor form the walls of the ventricle (Fig. 
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1!)). The more dorsal members of each pair ol lateral plates Ix'eome i**atly 
thickened and form the thalamus, while the more ventral ones form the hypo¬ 
thalamus. On either side these plates meet at an angle, forming the hypothalamic 

sulcus. 

The hypothalamus includes the optic chiasma , tuber ciucrcum, posterior 
lobe of the'hypophysis, and the mammillary bodies. From the dorsal edge of the 
thalamic lamina, where this is attached to the thin roof plate, there is developed 
a thickened ridge, the epithalamus , which is transformed into the habenula and 
the pineal body. The roof plate of the diencephalon remains thin and forms the 
epithelial lining of the tela chorioidea or roof of the third reutricle. Because of 
the great growth of the thalamus this cavity becomes reduced to a vertical 
cleft, the walls of which ultimately fuse at one point to form the massa inter¬ 
media, a bridge of gray matter crossing the cavity (Fig. .SO). Hie metathalamus 
is a convenient term which includes the medial and lateral geniculate bodies. 

The Alar and Basal Lamina. Each lateral half of the neural tube caudal 
to the prosencephalon consists of two plate-like longitudinally arranged columns 
separated by a groove known as the sulcus Umitaus (Fig. 18). Dorsal to this 
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Figure 18. Transverse seel ions of the neural lube showing the arrangement of the alar and 
basal lamina: .1, Through the upper cervical region ol the spinal cord in a 10 mm. human embryo 
(alter Prentiss;: />’, through the myelencephalon ol a 10.(i mm. human embryo (alter His;. 
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groove is llie alar j)late within which there are developed all the sensory centers 
ol the hrain stem and s|)inal cord. The l>asal plate lies ventral to the salens 
limilans and trom it there are developed all the motor nuclei. The dorsal borders 
of the alar lamina are joined together by a roof plate and the ventral borders 
ot the basal lamina are joined by a floor plate. It seems probable that the pros¬ 
encephalon is formed exclusively from the alar plates (Schulte and Tilnev, 1015, 
and Kingsbury. 1!)T2). 


Table Showing Subdivisions of the Xcured Tube and Their Derivalires 
{Modified from a Table in Keibel and Mali Human Embryology) 

PimiAKY VESICLES 



li lie mil >eneeplinlon 


SVH 1)1 VISIONS 

DERIVATIVES 

Id MEN 

Telencephalon. 

1 

( erebral cortex 
('orpora si rialn 
Ithiiieneephahm 

Lateral vciilricles 
Rostral portion of 
the third vent rich* 

Diencephalon 

1 

Epithalamus 

I halamus 
Metathalamiis 

II vpothala inns 

Optic chiasnm 

Tuber einereum 
Posterior lobe of 

hypophysis 

Mammillary bodies 

The greater part of 
the third ventricle 

f 

Mesencephalon 

(Orpora quadri- 
geniina 

Crura cerebri 

(’erebrnl aqueduct 

Metcneephaloii 

Myeleneephalon 

(Vrebellnni 

Pons j> 

Medulla oblongata 

Fourth vent rich* 

Spinal cord 

(’entral canal 


The Mesencephalon. - The basal plate of the mesencephalon thickens to 
form the cerebral peduncles (Fig. 17): the alar plate forms the lamina qnad- 
rigemina in which are differentiated the quadrigeminal bodies: the cavity be¬ 
comes the cerebral aqueduct. 

The Rhombencephalon. Tin* ventral part of the rhombencephalon, in¬ 
cluding both alar and basal plates, thickens to form the pons and medulla 
oblongata (Fig. 17). Most of the roof of this division remains thin and forms 
the epithelial lining of th(‘ tela chorioidea of the fourth ventricle (Fig. IS, B ). 
But in the caudal portion of the myelcnccphalon the lumen of the neural tube 
becomes completely surrounded by thickened walls, forming the central canal 
of the closed portion of the medulla. 1 he dorsal edge of the alar plate in the 
mctenccphnlon becomes greatly thickened and. fusing across the median line 
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with tli<* si 1 niInr structure ol the opposite side, tonus tli(' milage ot the (ch bil¬ 
lion (Bigs. 17 , .‘to). 

To say various parts of tin* 1 >rain thicken to form this or that structure 
is to describe tlx* change in gross external appearance of tin* developing hrain, 
and this is the result of changes in the number, distribution, and torm ot the 
component cells and fibers which can best be appreciated thiongh the nncio- 
scopic study of tin* embryonic nervous system (Chap. IN). 

In referring to the location of any portion of the nervous system ot man, 
the term “anatomical position," that is, the erect extended position with palms 

Superior 



Piet he 40. till section through the lien.l to show relationship of brain to anatomical terms 

of direction. The dotted line indicates the bend in the original axis of the neural tube. Subarachnoid 
space is represented in black. 

forward, is customarily used. In this position the terms of direction, anterior 
and posterior, as applied to the trunk are readily understood and are considered 
synonymous with ventral and dorsal. But the comparative anatomist uses the 
terms anterior and posterior to refer to the cranial and caudal ends of lower 
forms, which applies then to an axis at right angles to the anteroposterior axis 
of man. While this is clear in reference to the bodies of lower forms and man, 
the situation in the central nervous system of man requires additional atten¬ 
tion. During development, the neural tube bends upon ilsclt at the cranial end 
in forming the brain, and though there originally is more than one angle, the 
final result is to bring about an approximately !)0 bend in the axis between 
the medulla and cerebrum. 
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Vs a result of this bending, the original dorsal aspect of tbc cranial pari 
of the neural tube is referred to as upper or superior surface, while tile original 
ventral aspect is tlie inferior or lower surface. In tile ease of a cerebral hem¬ 
isphere the anterior end is the frontal pole and the posterior end the occipital 
pole. The terms dorsal and ventral can be used more readily il the original 
direction of the neural tube is kept in mind, and this can be visualized m the 
sagittal section of a brain, where the original anterior end of the neural tube 
is "found as the lamina terminalis forming the anterior boundary of the third 

ventricle (Fig. £0). 


(MAP T K R I T 


Gross Anatomy 
of the Nervous System 


Tn the preceding pages the story of tlie progressive development of tlie nervous 

system from its relatively simple form in lower animals to its rather elaborate 

structure in vertebrates has been sketchily told, and the major chapters in the 

em ii \ o 1 ic hutoi \ ot the- nervous system in a species of vertebrates, man. 

have been brief!v reviewed. 

< 

It is easy to see similarities in these phylogenetic and ontogenetic histories 
though they do not stand too close a comparison. Since the primary object of 
this text is to seek an understanding of the nervous system of man, the suc¬ 
ceeding pages will be devoted to a discussion of its form and function. 

The approach to the study of the detailed connections within the nervous 
system can be made in several ways. Whatever the approach, it is important 
to keep in mind that the fundamental structure is based upon the arrangement 
of nerve cells and their processes. Since the processes of nerve cells, the nerve 
fibers, extend great lengths in making connections, it is advantageous to become 
acquainted with the gross plan of the nervous system and the names of its 
various parts before attempting to follow the routes taken by nerve impulses 
over the contained paths. A study of morphology is usually secondary in interest 
to a study ot function, but it is a necessary preliminary in the case of the 
nervous svstem. 

4 

As the morphologic picture is built up, the function of certain parts becomes 
obvious from the connections with other structures of known function. The 
function of sonic tracts and nerve cells not subjected to direct physiologic ex¬ 
periment must be surmised in this manner, although the function of many 
parts can be determined by observation of the effect of direct stimulation, or 
of alteration in function following damage to a part, or its destruction. 

The shape taken by different parts of the nervous system is dependent upon 
accumulations of the bodies of nerve cells, referred to as nuclei , ganglia or gray 
/nailer; and bundles ot nerve fibers referred to as lraefs, paths , funiculi , fasciculi , 
peduncles, commissures or white matter, dependent upon their location and 
arrangement. The immediately following account will deal largely with the sur- 
20 
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face landmarks of the parts of tlu* central nervous system in preparation lor 
subsequent tracing of long paths in accounts of the internal structure. 

Subdivisions of the Nervous System. It has been customary to subdivide 
the nervous system into parts for convenience of description, but there is no 
implication that these parts function separately. The nervous system is the 
integrator of bodily functions and all of its parts work together to this end. 1 he 
usual subdivision emphasizes lhe* location of different portions ot the nervous 
svslem and is as follows: 

t 

The central nervous system: 

Brain 

Spinal cord. 

The peripheral nervous system: 

Cerebrospinal nerves: 

Cranial nerves 
Spinal nerves. 

The autonomic nervous system: 

Sympathetic trunk 
Visceral nerves 
Peripheral ganglia. 

The anatomic relationships of these subdivisions in man are illustrated in 
Pig. < 21 . Tim brain lies within and nearly fills the cranial cavity. It is continuous 
through the foramen magnum with the spinal cord, which occupies but does 
not fill the vertebral canal. From the brain arises a series of nerves usually 
enumerated as twelve pairs and known as cranial or cerebral nerves; while 
thirty-one pairs of segmentally arranged spinal nerves take origin from the 
spinal cord. 'The gangiionated sympathetic trunks lie parallel to the vertebral 
column. They are connected with each pair ot spinal nerves and with nerves 
and ganglia of the viscera. 

Branches of the cerebrospinal nerves reach most parts of the body. 1 hey 
are composed of afferent fibers, which receive and carry to the central nervous 
system inflowing impulses produced by external or internal stimuli, and of effer¬ 
ent fibers , which convey outgoing impulses to the organs ot.response. It is through 
the central nervous system that the incoming impulses find their way into the 
proper outgoing paths. To bring about this shunting of incoming impulses into 
the appropriate efferent paths requires the presence of untold numbers ot central 
or association neurons, and it is of these that the central organs—brain and 
spinal cord—are chiefly composed. The greater the number of these association 
neurons in the nervous system ot an annual, the greater the capacity ot that 
species to vary the response to stimuli. Lowly forms with simple connections 
between afferent and efferent neurons are stereotyped in their responses to 
stimuli. Man with a large brain has great variety in bis choice of responses. 

THE SPINAL CORD 

It is convenient to begin the study of the anatomy of the central nervous 
system with the spinal cord, which shows a segmental simplicity, and represents 
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tfwTZ^ A orllc ^ exus 
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FioritB gl. A, (Icncial view of flic cenlral nervous system, showing the brain and spinal cord 
in situ. (Hourgcry, Schwalbe, van (Iclmchlcu.) />. Diagram of the autonomic nervous system and 
its connections with the cerebrospinal nerves. (Schwalbe, Herrick.) 

the pattern displayed in the original neural tube which, though recognizable in 
the brain, is there much modified. 

The spinal cord, or medulla spinalis , is a cylindric mass of nervous tissue 
occupying the vertebral canal. It is 40 to 45 cm. in length, reaching from the 
foramen magnum, where it is continuous with the medulla oblongata, to the 
level of the first or second lumbar vertebra. Even above this level the vertebral 
canal is by no means fully occupied bv the cord (Fig. L 21), which is surrounded 
by protective membranes, while between these and the wall of the canal is a 
rather thick cushion of adipose tissue containing a plexus of veins. Immediately 
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surrounding the brain and cord and adherent to them is the delicate, highly 
vascular pia mater. This F separated from the thick, fibrous dura mater by a 
membrane having the tenuity of a spider web, the arachnoid . which surrounds 
the subarachnoid space. This space is broken up by subarachnoid trabeculae 
and filled with cerebrospinal fluid. Between the arachnoid which, though thin, 
is a complete membrane, and the dura mater lies the subdural space, which 
contains only enough fluid normally to moisten the surfaces, there is no com¬ 
munication between the subarachnoid and subdural spaces. In spinal punctilios 
the needle must traverse the subdural space to enter the subarachnoid space 
where the cerebrospinal fluid is found (Figs. £0. < 22). 



Figure Q'i. Diagram showing the relation of tlie spinal coni to the \eitclnal (olnmn. 

External Form. 1 he spinal cord is not a perfect cylinder, but is somewhat 
flattened vcntrodorsally. especially in the cervical region. Its diameter is not 
uniform throughout, being less in the thoracic than in the cervical and lumbar 
portions. That is to say. the cord presents two swellings (Fig. 23). The cervical 
enlargement (intumeseentia eerviealis) comprises that portion ot the cord from 
which the nerves of the brachial plexus arise, that is. the fourth cervical to the 
first thoracic segments inclusive. The lumbar enlargement (intumeseentia lum- 
balis) is not quite so extensive and corresponds less accurately to the origin 
of the nerves innervatingHhe lower extremity. At an early stage in the embryonic 
development of the spinal cord these enlargements are not present. In the time 
of their first appearance and in their subsequent growth they are directly i elated 
to the development of the limbs. 

The enlargements are due to the greater quantity of nerve fibers entering 
and leaving the cord and the associated nerve cells, which are necessary to 
innervate the larger masses of tissue in the limbs. Animals with disproportion¬ 
ately large hind limbs, as the dinosaur, have lumbar enlargements of the cord 
with a diameter rivalling that of the brain. Animals like the whale, with girat 
muscle masses rather evenly distributed through the trunk and minimal require¬ 
ments for tissues of limbs, have a spinal cord of large diameter but wutli little 
tendenev to local enlargement. 
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Below llie lumbar enlargement, Iho spinal cord rapidly decreases in size 
and lias a cone-sliaj km 1 (erminalion, the conns mednllaris, from the end of which 
a slender filament, the filum terminate , is prolonged to the posterior surface of 
the coccyx (Fig. 25). This terminal filament descends in the middle line sur¬ 
rounded by the roots of the lumbar and sacral nerves, to the caudal end of 
the dural sac at the level of the second sacral vertebra. Here it perforates the 
dura mater, from which it receives an investment and then continues to the 
posterior surface of the coccyx. The last portion of the filament with its dural 
investment is often called the filum of the spinal dura muter (filiim dnrae matris 
spinalis). The filum Icrminalc is composed chiefly of pin mater; but in its rostral 
part it contains a prolongation of the central canal of the cord. 

In some animals there occurs Keissner's fiber, which runs from the region 
of the epithalamus within the neural canal and terminates in the filum (Wis- 
locki et al., 105(1). 

The spinal cord shows an obscure segmentation, in that it gives origin to 
thirty-one pairs of melameric nerves. These segments may be somewhat arbi¬ 
trarily marked off from each other by imaginary planes passing through the 
highest root filaments of each successive spinal nerve. The highest of these 
planes, being just above the origin of the first cervical nerve, marks the separa¬ 
tion of the spinal cord from the medulla oblongata. This is again an arbitrary 
line of separation, since both as to external form and internal structure the 
cord passes over into the medulla oblongata by insensible gradations. According 
to this method of subdivision there are in the cervical portion of the cord eight 
segments, in the thoracic twelve, in the lumbar five, and in the sacral five, while 
there is but one coccvgeal segment. 

Several longitudinal furrows are seen upon the surface of the cord (Fig. 23). 
Along the middle line of the ventral surface is the deep anterior median fissure 
(fissura mediana anterior). This extends into the cord to a depth amounting to 
nearly one-third of its anteroposterior diameter and contains a fold of pia mater. 
Along the middle line ot the dorsal surface there is a shallow groove, the posterior 
median sulcus (sulcus medianus posterior). As may be seen in cross-sections 
the spinal cord is divided into approximately symmetric lateral halves by the 
two furrows just described and by the posterior median septum (Figs. 120, 127, 
128). On either side, corresponding to the line of origin of the ventral roots, is 
a broad, shallow, almost invisible groove, the anterolateral sulcus (sulcus 
lateralis anterior). And again on either side, corresponding to the line of origin 
of the dorsal roots, is the narrower but deeper posterolateral sulcus (sulcus 
lateralis posterior). These six furrows extend the entire length of the spinal 
cord. In the cervical region, an additional longitudinal groove may be seen on 
the dorsal surface between the posterior median and posterolateral sulci, but 
somewhat nearer the former. It is known as the posterior intermediate sulcus 
and extends into the thoracic cord, where it gradually disappears. 

buniculi. By means of these furrows and the subjacent gray matter, each 
lateral half of the cord is subdivided into columns of longitudinally coursing 
nerve-fibers known as the anterior, lateral, and posterior funiculi (funiculus 
anterior, funiculus lateralis and funiculus posterior). In the cervical and upper 
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thoracic regions, llic posterior inlcnncdialc sulcus divides llie posterior funiculus 
in to a medial purl ion, the* fasciculus gracilis, and a lateral portion, the fasciculus 
cunea l us. 

Nerve Roots. From the lateral funiculus in the upper four to six cervical 
segments there emerge, a little in front of the dorsal roots of the spinal nerves, 
a series of root filaments which unite to form the spinal root of the urcrssorjj 
nrrrc (Fig. 178). This small nerve trunk ascends along the side of the cord. 
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I'Kjntio Three views of the spinal cord and rhombencephalon: d. Lateral view with spinal 

nenes attached; />’. ventral view with spinal nenes romo\ed; (\ dorsal view with spinal nerves 
attached. (Modified from Spalteholz.) 
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(‘lit(M's the cranial cavity through 11 k* fornim'ii magnum, and carries to tin* ac¬ 
cessory nerve I lie fibers for l lie innervation of the sternocleidomastoid and 
trapezius muscles. 

From the posterolateral sulcus throughout the entire length of the spinal 
cord (‘merges an almost uninterrupted series of root filaments (fila radicnlaria). 
Those from a given segment of the cord unite to form the dorsal root of the 
corresponding spinal nerve. The filaments of the mitral roots emerge from the 
broad, indistinct anterolateral sulcus in groups, several appearing side by side. 



Fiona: *24. Diagram of a typical spinal nerve showing its general pattern of roots and rami. 


rather than in the accurate linear order characteristic of the dorsal roots. Those 
from a given segment unite with each other to form a ventral root: and that 
in turn joins with the corresponding dorsal root just beyond the spinal ganglion 
to form the mixed nerve (Figs. 23, 24). The muscles supplied by various spinal 
segments are indicated in Fig. 2(>. 

Relation of the Spinal Cord and Nerve Roots to the Vertebral Column. 

At an early fetal stage the spinal cord occupies the entire length of the vertebral 
canal and the spinal nerves pass horizontally lateralward to their exit through 
the intervertebral foramina. As development progresses, the vertebral column 
increases in length more rapidly than the spinal cord, which, being firmly an¬ 
chored above by its attachment to the brain, is drawn upward along the canal, 
until in the adult it ends at about the lower border of the first lumbar vertebra 
(Fig' . 2a). At the same lime the roots of the* lumbar and sacral nerves become 
greatly elongated. They run in a caudal direction from their origin to the same 
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intervertebral foramina through which they made their exit before the shift in 
the relative position of the cord occurred. Since the thoracic portion ol the cord 
has changed its relative position but little, and the cervical part even less, most 
of the cervical roots run almost directly latcralward, while those ot the thoracic 
nerves incline but little in a caudal direction. 

Since the' spinal cord ends opposite the first or second lumbar vertebra, the 
roots of the lumbar, sacral, and coccygeal nerves, in order to reach their proper 
intervertebral foramina, descend vertically in llie* canal around the conus mcdul- 



Fiorui; Sagittal section of the caudal portion of the vertebral column showing spinal cord and 

filmn terminale. and ends of the lower nerve roots making exit from the vertical canal. 

laris and filum terminale. In this way there is formed a large bundle, which is 
composed of the roots of all the spinal nerves below the first lumbar and Inis 
been given the descriptive name caucUt equina (Fig. 23). 

The amount of relative shortening of the various segments of the cord 
differs in different individuals. In Fig. 2(>, where the quadrilateral areas repre¬ 
sent bodies of the vertebrae, the average position of each segment of the spinal 
cord is indicated. It is obvious that the segments are longer in the thoracic 
than in the cervical and lumbar portions of the cord, while the sacral segments 
arc the shortest (see also Fig. 130). 

The position of a particular point on tU^ spinal cord is subject to slight 
variation with changes in posture. In body flexion in the monkey, there is 
downward movement of points above the lourth cervical segment and upward 
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movement of points below this amounting to ns much as half a centimeter; 
this fact implies stretching of the cord (Smith, 1J)5(>). 

The development of the canda equina and the vertebral level of the various 
segments of the' spinal cord are' of practical importance. In spinal puncture the 
needle is made to enter the subarachnoid space caudal to the termination ot the 
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coni. In locating lesions of the spinal cord il is necessary to take into considera¬ 
tion the position of its various segments with reference to the vertebrae. It is 
particularly important to be able to distinguish between an injury to the lower 
pari of the spinal cord and one which involves only the nerve roots in the 
canda equina, for though the symptoms in the two cases may be nearly identical, 
damage to the spinal cord is irreparable, while the motor nerve roots can 
regenerate. 
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THE GENERAL TOPOGRAPHY OF THE BRAIN 

The topography of the brain as projected to the surface of the skull in the 
living person is often significant. Figure *27 illustrates the relationship ot the 
main landmarks which are not always exactly comparable in different indi¬ 
viduals. The pterion , where frontal, temporal, sphenoid, and parietal bones come 
close together in the temporal fossa, lies approximately over the anterior end 
of the lateral fissure of the cerebrum, and so between the frontal and temporal 
lobes. The anterior branch of the middle meningeal artery courses upward be- 



Figvke 27. Lateral view of the head showing bony landmarks of the skull and the position 
relative to these ol the central sulcus (( ) and lateral fissure i.P) of the eeiebium, the middle 
meningeal artery (M) and the sigmoid sinus (S). 
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Fiona; 28. Median sagittal section of the head 
'The sphenoid bone is shown in transparency. 


showing the relation ol the brain to tin* cranium, 
and through it the temporal lobe may lx* seen. 
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non 111 the plerion. The external occipital protuberance is approximately super¬ 
ficial to the internal occipital protuberance; this is where the occipital poles of 
the cerebral hemispheres are separated from the cerebellum by the tentorium 
cerebelli, and further marks the location of the sinus conflucns. 

The brain rests upon tin* floor of the cranial cavity, which presents three 
well marked fossae. Jn the posterior cranial fossa are lodged the medulla oblon- 
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gata, pons, and cerebellum, which together constitute tin.* rhombencephalon. 
This fossa is roofed over by a partition of dura mater, called the ienlorium 
cerebelli , that separates the cerebellum from tin* cerebral hemispheres (Fig. 00). 
Through the* notch in the ventral border of the* tentorium projects the mesen¬ 
cephalon, connecting tin* rhombencephalon below with the prosencephalon 
above that partition. The cerebral hemispheres form the hugest part of the 
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prosencephalon. occupy the anterior and middle cranial fossae, and extend to 
the occiput on the upper surface ot the tentorium. 

The dorsal or convex aspect of the human brain presents an ovoid figure. 
The large cerebral hemispheres cover the other parts from view. 1 he cerebral 
hemispheres, which arc separated by a deep cleft called the lornjitadinal fissure 
of the cerebrum « together present a broad convex surface which lies m (lost 
relation to the internal aspect ot the calvaria. From the latter it is separated 
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Figure 30 . 


Medial sagittal section of the human brain. (Sobotta-McMurrich.) 


only by the investing membranes or meninges of the brain. The thin convoluted 
layer of gray matter upon the surface of the hemispheres is known as the 
cerebral eorie.v and that on the surface of the cerebellum is known as the eerebel- 
lar cortex. So great is the folding of the surface that less than a third ot the 
cerebral cortex is exposed, and only about one-sixth of the cerebellar cortex. 

The* ventral aspect or base of the brain presents an irregular surface adapted 
to the uneven floor of the cranial cavity (Figs. 21). 81). The medulla oblongata , 
which is continuous through the foramen magnum with the spinal cord, lies 
on the ventral aspect of the cerebellum in the vallecula between the two cerebel¬ 
lar hemispheres. Rostral to the medulla oblongata and separated from it only 
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by a transverse groove is a broad elevated band of fibers, which plunges into 
the cerebellum on either side* and is known as the pons. The cerebellum can be 
seen occupying a position dorsal to the pons and medulla oblongata, and can 
easily be recognized by its grayish color and many parallel fissures. A pair of 
large rope-like strands are seen to emerge from the rostral border of the pons 
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Figure 31. 


Ventral view of tlie tinman brain. The temporal lobes have been partly cut away. 

(Sobol ta-MeM nrrieh.) 


and to diverge from each other as they run toward the under surface of the 
cerebral hemispheres. These are the cerebral peduncles and they form the* ventral 
part of the mesencephalon. At its rostral extremity each peduncle is partially 

encircled by a flattened band, known as the optic tract, which is continuous 

through the optic chiasma with the optic nerves. A depression, known as the 
interpeduncular fossa, is outlined by the diverging cerebral peduncles and by 
the optic chiasma and tracts (Fig. 31). AVithin the area thus outlined and 

beginning at its caudal angle may be distinguished the following parts: the 
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posterior perforated substance , the mammillary bodies, the tidier cinereum, and 
tlie infundibulum. Rostral to the optic tract there is on either side a triangular 
field of gray matter, studded with minute pildike depressions and known as 
the anterior perforated substance. The perforations here and posteriorly are 
due to the penetration of small arteries reaching the interior of the cerebrum 
(p. HO). The olfactory bulb and tract belong to the rhinencepluilon but lie in 
contact with the underside of the frontal pari of the cerebral hemispheres. The 
tract is continuous with lateral and medial olfactory striae bordering the olfac¬ 
tory trigone adjacent to the anterior perforated substance. 
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Figure .T2. Lateral view of human brain stem. 


Interrelation of the Various Parts of the Brain. An examination of a 
medial sagittal section of the brain will make clearer the relation which the 
various parts bear to each other (Fig. .‘>0). The medulla oblomjala, pons, and 
cerebellum are seen surrounding the fourth ventricle, and arc intimately con¬ 
nected with one another. The medulla oblongata is directly continuous with 
the pons, and on either side a large bundle of fibers from the dorsal aspect of 
the former runs into the cerebellum. These two strands, which are known as 
the restiform bodies or inferior cerebellar peduncles, constitute the chief avenues 
of communication between the spinal cord and medulla oblongata on the one 
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hand and l Ik* cerebellum on lhother (Fig. 3*2) . I lie ventral prominence o) the 
pons is produced in large pari by transverse* bundles of fibers, which when 
l raced lalcralward are seem lo form a large strand, the brac/uum /ton I is or 
middle cerebellar /teduncle, that enters tin* corresponding cerebellar hemisphere 
(Figs. <29, 33). The su/terior cerebellar peduncle can be traced rostrallv from 
the cerebellum lo the mesencephalon. The three peduncles arc paired structures, 
symmetrically placed on the two sides of the brain (Figs. 3 C 2, 33). 

The mesencephalon surrounds the cerebral aqueduct and consists of Lin* 
veil l rally placed cerebral /ted uncles , and a dorsal plate with tour rounded eleva¬ 
tions, the lamina and corpora quadrigemina (superior and inferior colliculi). 

The cerebral hemispheres form the most prominent part of the cerebrum 
and arc separated from each other by the longitudinal fissure, at the bottom of 
which is a broad commissural band, the corpus callosum , which joins the two 
hemispheres together (Fig. 30). Under cover of the cerebral hemispheres and 
concealed by them, except on the ventral aspect of the brain, is the dieveephalou. 
This includes most of the parts which help to form the walls of the third ven¬ 
tricle. These are from above downward, the epithalamus , including the habenu¬ 
lar trigone and pineal body near the roof of the ventricle; the thalamus , which 
forms most of the lateral wall of the ventricle, and is commonly united with 
its fellow across the cavity by a short bar of gray substance, the interthalamic 
adhesion; and the hypothalamus, including the mammillary bodies, infundi¬ 
bulum, and part of the hypophysis (Fig. 30). 

The Brain Ventricles. The central canal of the spinal cord is prolonged 
through the caudal portion of the medulla oblongata and finally opens out into 
the broad rhomboidal fourth ventricle of the rhombencephalon. At its pointed 
rostral extremity this ventricle is continuous with the cerebral aqueduct, the 
elongated slender cavity of the mesencephalon. This, in turn, opens into the 
third ventricle, which is a narrow vertical cleft between the two laterally sym¬ 
metric halves of the diencephalon. It is bridged by the massa intermedia and 
communicates through a small opening in each lateral wall, the interventricular 
foramen, with the cavity of the cerebral hemisphere or lateral ventricle. The 
ventricles in life are filled with cerebrospinal fluid which a Iso fills the subarach¬ 
noid space. Communication between this space and the cavity of the brain 
ventricles exists at the lateral apertures and the median aperture, in the walls 
and roof of the fourth ventricle. (Figs. 53, 55). 

The weight of the brain varies with the sox. age, and size of the individual. 
The average weight of the brain in young adult men of medium stature is 1360 
grams. It is less in women and in persons of small size or advanced age. It is 
doubtful if there is any close correlation between the brain weight and intelli¬ 
gence or between the latter and the size and arrangement of the cerebral con- 
volutions. The accomplishments of man's nervous system as demonstrated in 
an elaborate civilization and its artifacts must depend not so much on the 
volume of the brain as on the facility of its action. The cranial capacity of 
primitive man is not appreciably different from that of civilized man. 
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Tin: Anatomy of this Mkdfula Ohloxoata 

At its rostral ond the spinal cord increase's m size and <>vh\s over without 
sharp line of demarcation into the medulla oblongata, or in Telencephalon, which, 
as was stated earlier, is derived from the posterior part of the third brain 
vesicle. The medulla oblongata may be said to begin just rostral to the highest 
rootlet ol the first cervical nerve at about the level of the foramen magnum; 
and at the opposite extremity it is separated from the pons by a horizontal 
groove (Figs. 28, 30). Its ventral surface rests upon the basilar portion of the 
occipital bone, while its dorsal surface is in large part covered by the cerebellum. 
1 he shape of the medulla oblongata is roughly that of a truncated cone, the 
smaller end of which is directed caudally and is continuous with the spinal cord. 
In man it measures about 3 cm., or a little more than 1 inch, in length (Fig. 29). 
Within this small mass are located central connections concerned with respira¬ 
tion, heart rale, etc., so essential to the life of the owner that a small lesion of 
any type in this area may be fatal. 

Like the spinal cord, the medulla oblongata presents a number of more 
or less parallel longitudinal grooves. These are the anterior and posterior median 
fissures, and a pair each of anterior lateral and posterior lateral sulci (Figs. 29, 
33). By means of the fissures it is divided symmetrically into right and left 
halves; these, in turn, are marked off by the sulci into ventral, lateral, and dor¬ 
sal areas, which, as seen from the surface, appear to be the direct upward con¬ 
tinuation of the anterior, lateral and posterior funiculi of the spinal cord. But 
this continuity is not as perfect as it appears from the surface; the tracts of 
the cord undergo a rearrangement as thev enter the medulla oblongata. The 
posterior median fissure does not extend beyond the middle of the medulla, at 
which point its lips separate to help form the lateral boundaries of the fourth 
ventricle. The caudal half or closed portion of the medulla oblongata contains 
a canal, the direct continuation of the central canal of the spinal cord (Fig. 30). 
I Ins canal opens into the fourth ventricle whose floor is formed in part by the 
rostral half or open part of the medulla oblongata. 

Fissures and Sulci. The posterior median fissure represents the continua¬ 
tion of the posterior median sulcus of the spinal cord and, as noted above, ends 
near the middle of the medulla oblongata. The anterior median fissure is con¬ 
tinued from the spinal cord to the border of the pons, where it ends abruptly 
in a pit known as the foramen caecum. Near the caudal extremity of the medulla 
oblongata this fissure is interrupted by interdigilaling bundles of fibers which 
pass obliquely across the median plane. These are the fibers of the lateral cortico¬ 
spinal tract, which undergo a decussation on passing from the medulla oblongata 
into the spinal cord, known as the decussation of the pyramids. The anterior 
lateral sulcus also extends throughout the length of the medulla oblongata and 
represents the upward continuation of a much more indefinite groove bearing 
the same name in the spinal cord. From it emerge the root filaments of the hypo¬ 
glossal nerve. From tin* posterior lateral sulcus emerge the rootlets of the glosso¬ 
pharyngeal, vagus, and accessory nerves (Figsftfl, 32). 

The ventral area of the medulla oblongata is included between the anterior 
median fissure and the anterior lateral sulcus, and has the false appearance of 
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hoin*r a direct continuation of the anterior funiculus of the spinal cord. On 
either side of the anterior median fissure there is an elongated emmenee, taper¬ 
ing toward the spinal cord, and known as the pyramid (Fig. 29). It is ionne< 

|,v the fibers of the corticospinal or pyramidal tract. .Just belore the fibers <>t t ms 
tract enter the spinal cord, they undergo a more or less complete decussation, 
crossing the median plane in large obliquely inlerdigitaling bundles, which ill 
up and almost obliterate the anterior median fissure m the caudal part of the 
medulla oblongata. This is known as the decussation oj the pyramids (decussatio 
pvramidum). In the sheep these fibers pass into the opposite posterior funiculus 
of the spinal cord. In man the crossing is incomplete, a majority of the fibers 
descending into the lateral funiculus of the opposite side, a minority into the 
anterior funiculus of the same side (Fig. 271, 272) . Being covered by other tracts 
in the spinal cord, they do not show on the surface but will be encountered as the 
ventral and lateral corticospinal tracts (direct and crossed pyramidal tracts) 
The lateral area of the medulla oblongata, included between the anterolateia 
and posterolateral sulci, appears as a direct continuation of the lateral funiculus 
of the spinal cord; but, as a matter of fact, many of the fibers of that funiculus 
find their way into the anterior area (as, for example, the lateral corticospinal 
tract) or into the posterior area (dorsal spinocerebellar tract). In the rostral part 
of the lateral area, between the root filaments of the glossopharyngeal and vagus 
nerves, on the one hand, and those of the hypoglossal, on the other, is an oval 
eminence, the olire (oliva, olivary body), which is produced by a large irregular 
mass of gray substance, the inferior olivary nucleus, located just beneath the 
surface (Fig. 32). By a careful inspection of the surface of the medulla oblongata, 
it is possible to distinguish numerous fine bundles of fibers, which emerge fiom 
the anterior median fissure or from the groove between the pyramid and the 
olive and run dorsally upon the surface of the medulla to enter the restiform 
bodies. These are the ventral external arcuate fibers and are most conspicuous 

on the surface of the olive (Fig. 32). 

The dorsal area of the medulla oblongata is bounded ventrally by the pos¬ 
terolateral sulcus and emergent root filaments of the glossopharyngeal, vagus, 
and accessory nerves. In the closed part of the medulla it extends to the posterior 
median fissure, while in the open part its dorsal boundary is formed by the lateral 
margin of the floor of the fourth ventricle. The caudal portion of this area is. m 
reality, as it appears, the direct continuation of the posterior funiculus of the 
spinal cord. On the dorsal aspect of the medulla oblongata the fasciculus 
cuncatus and fasciculus gracilis of the cord are continued as the funiculus 
cuneatus and funiculus gracilis , which soon enlarge into elongated eminences, 
known respectively as the cuncate tubercle and the • claim (Fig. 33). These 
enlargements are produced by gray masses, the nucleus gracilis and nucleus 
cuneatus , within which end the fibers of the corresponding fasciculi of the spinal 
cord. The clava and cuncate tubercle are displaced laterally by the caudal angle 
of the fourth ventricle. Somewhat rostral to the middle of the medulla oblongata 

they gradually give place to the restiform body. 

Move laterally, between the cuncate funiculus and tubercle on the one hand 
and the roots of the glossopharyngeal, vagus, and accessory nerves on the other, 
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is a third longitudinal club-shaped elevation called the tuberculum einereum. 
It is produced by a tract of descending fibers, derived from tin* sensory root of 
the trigeminal nerve, and by an elongated mass of substantia gelatinosa which 
tonus one of the nuclei of this nerve. 1 his bundle of fibers and the associated 
mass of gray matter are known as the spinal Iract and nucleus of the spinal 
tract of the trigeminal nerre (Fig. 304—312). 

The inferior cerebellar peduncle lies between the lateral border of the 
fourth ventricle and the roots of the vagus and glossopharyngeal nerves in the 
rostral part of the medulla oblongata (Fig. 32, 33). There is no sharp line of 
demarcation between it and the more caudallv placed elava and cuneatc tubercle. 
It is produced by a large strand of nerve fibers, which runs along the lateral 
border of the fourth ventricle and then turns dorsallv into the cerebellum. These 
fibers serve to connect the medulla oblongata and spinal cord on the one hand 
with the cerebellum on the other. By a careful inspection of the surface* of the 
medulla if is possible to recognize the source of some of the fibers entering into 
the composition of the restiform body. The ventral external arcuate fibers can 
be seen entering it after crossing over the surface of the lateral area; and the 
dorsal spinocerebellar tract can also be traced into it from a position dorsal to 
the caudal ext remit v of the olive. 

At the point where the restiform body begins to turn dorsallv toward the 
cerebellum, it is partly encircled by an elongated transversely placed elevation 
formed by the ventral and dorsal cochlear nuclei (Fig. 32). This ridge is con¬ 
tinuous with the cochlear nerve. Just caudal to this ridge there is sometimes 
seen another, running more obliquely across the restiform body, which is an 
outlying portion of the pons and has been described under the name corpus 
pontobulbare (Fig. 32). 

Nerve Roots. From the surface of the medulla oblongata there emerges in 
roughly linear order along the posterior lateral sulcus a series of root filaments, 
which continues the line of the dorsal roots of the spinal nerves. 'These are the 
rootlets of the glossopharyngeal, vagus, and accessory nerves. Unlike the dorsal 
roots, which are made up of afferent fibers, the spinal accessory nerve contains 
efferent fibers, while the vagus and glossopharyngeal are mixed nerves. The line 
of the ventral or motor roots of the spinal nerves is continued in the medulla 
oblongata by the root filaments of the hypoglossal nerve, which is also composed 
of motor fibers. The abducens, facial, and stato-acoustic nerves make their exit 
along the caudal border of the pons in the order named from within outward. 
The abducens emerges between the pons and the pyramid, the acoustic far 
lateralward in line with the restiform body, and the facial with its sensory root, 
the nervus intermedins, near the stato-acoustic nerve (Figs. 31, 32). 


The Anatomy of the Pons 

The pons, which forms the ventral part of the metencephalon, is interposed 
between the medulla oblongata and the cerebral peduncles and lies ventral to the 
cerebellum. As seen from the ventral surface^it is formed by a broad transverse 
band of nerve fibers, which on either side become aggregated into a large rounded 
strand, the middle cerebellar peduncle, and finally enter the corresponding 
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}ic‘iii is| >1 icm*(* of l ho cerel >oll ii ni ( Figs. .‘>1, 82). I Ins transverse band ol fibers, wind) 

<>■ iv(\s (ho 1 >i*i<lge-1ike lorm Irom whi(’l) this part derives its name, belongs lo the 
basilar portion of the pons and is su|)(*riin|x»s<*< 1 upon a deeper dorsal portion that 
mav be regarded as a direel upward eonliiniation ol llie medulla oblongata, i lie 
transverse libers form a pari of the pathway connecting tin' cerebral hemispheres 
with the opposite cerebellar hemispheres; and the size ol the pons, thcietoic, 
varies with the size of these other structures. It is instructive to compare the 
brains of the shark, sheep, and man with this point in mind (Figs. 10. 80, 419). 

The ventral surface of the pons is convex Irom above downward and from 
side to side and rests upon the basilar portion of the occipital bone and upon the 
dorsum sellae (Fig. *28). A groove along the median line, the basilar sulcus, lodges 
the basilar artery (Figs. 29, 05). 

44ie trigeminal nerve emerges from the ventral surface of the pons far later- 
alward at the point where its constituent transverse fibers are converging to form 
the brachium ponlis. In fact, it is customary to take the exit of this ner\c as 
marking the point ot junction of the pons with its brachium. 1 he ner\ c has two 
roots which lie close* together; the* larger is the* sensory root , or porlio majoi, the 
smaller is the motor root , or portio minor (Fig. 82). 

The posterior surface of the pons forms the rostral part of the floor ot the 
fourth ventricle, along the lateral borders of which there are two prominent and 
rather large strands of nerve fibers, the superior cerebellar peduncle (Figs. 82, 33). 

The superior cerebellar peduncles lie under cover of the cerebellum. As they 
emerge from the wdnte centers ot the cerebellar hemispheres, they curve rostra 11_\ 
and take up positions along the lateral borders of the fourth ventricle. 1 he\ 
converge as they ascend and disappear from view by sinking into the substance 
of the mesencephalon under cover of the inferior quadrigeminal bodies. Each 
consists of fibers which connect the cerebellum with the red nucleus, a large 
gray mass situated within the midbrain ventral to the cerebral aqueduct at 
the level of the superior colliculus of the corpora quadrigemina. The interval 
betw’een the two superior cerebellar peduncles, where these form the lateral 
boundaries of tin* fourth ventricle, is bridged by a thin lamina of white matter, 
the (nitenor medullary velum (bigs. 80, 83). 11ns is stretched between the tree 
dorsomedial borders of the twm peduncles and forms the roof of the rostral 
portion of tin* ventricle. Caudally it is continuous with the white center of the 
cerebellum. The fibers of the trochlear nerves decussate in the anterior medullary 
velum and emerge from its dorsal surface (big. 83). As they run through the 
velum they produce a raised wdiite line which extends transversely from one 
peduncle to the other. 


The Forum Yenthicle 

The diamond-shaped cavity of the rhombencephalon is known as the fourth 
ventricle. It lies between the pons and medulla oblongata venirnlly. and tin* 
cerebellum dorsallv, and is continuous with the central canal of the closed portion 
of the medulla, on the one hand, and with the cerebral aqueduct on the other 
(Pig. 80). On each side a narrow curved prolongation of the cavity extends 
laterally on the dorsal surface of the restiform body. This is known as the lateral 
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recess (Fig. 33). 11 opens inlo llie subarachnoid space near the flocculus of the 
cerebellum; and through this lateral aperture of the fourth ventricle (toramen 
of Luschka) protrudes a small portion of the chorioid plexus (Figs. 31. 34). 
There is also a median aperture (foramen of Magendie) through the root ot the 
ventricle near the caudal extremity. By means of these three openings, one 
■Medial and two lateral, the cavity of the ventricle is in communication with the 
oharnehnoid space, and cerebrospinal fluid may escape from the former into 
me latter. 
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Figi iu: 33. Dorsal view of Immaii brain stem. 

The floor of the fourth ventricle is known as the rhomboid /ossa and is lormed 
by the dorsal surface's of the pons and open part of the medulla oblongata, which 
are' cemtmuems with cae*h other without any line <>t elemarcalion anel aie' nicgu- 
la 1-1V e-oncave* fremi side to side (Fig. 34). The small markings on the tloeir of the- 
fourth ventricle* are valuable aids in the hicalizatiem ot several cranial ne*rve 
niich'i whie-li lie beneath them. The tossa is widest opposite* the points where* 
the re-slitorm bodies turn elorsally into the* e-crebellnm; and it gradually narmws 
towarel its reistral and eanelal angle's. The lateral boundaries of the* fossa, whie-li 
are* raise*el seune.* ehstance above the* lcve*l ot the* flexir. are teu*me*el b\ the* billowing 
struelure's: the brachia conjunciira , rest i jo bodies , cuueate tubercles , and 
clarae. Of the four angles to the rhomboiel fossa. twe> are laterally plaevd anel 
correspemel to the lateral recesses. At its'cauelal angle the ventricle is continuous 
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with the central canal of the clos(*d part of the medulla oblongata, and at its 
rostral angle with the' cerebral aqueduct. Joining the two last named angles 
there* is a median sulcus which cl i vie I es the* I ossa into two symmetric lateral 
hal ve*s. 

Lateral to the me*elian sulcus is a shalle>we*r groove, the sulcus limilans, 
which is not as straight and which possesses two eleepe*r portions called the 
superior anel inferior foveae. 

The* rhomboid fossa is arbitrarily ehvieled into three parts. 1 lie* superior part 
is triangular, with its apex elirecled rostrally anel its base along an imaginary 
line through the superior fovea. The inferior part is alse> triangular, but with its 
apex elirecteel cauelally and its base at the level of the horizontal portions of the 
taeniae of the* ventricle. Between these two triangular portions is the intermediate 
part of the fossa, which is prolonged outward inlet the lateral recesse*s. 1 he floetr 
is covereel with a thin lamina of gray matter continuous with that which lines 
the central canal anel cerebral aqueeluct. Crossing the tossa transversely in its 
intermediate portion are several strands ett fibers known as the striae medullares. 
These are subject to considerable variation in different specimens. It is saiel that 
they run let the cerebellum (Alphiu and Barnes, 1944). 

The inferior portion of the fossa bears some resemblance to the point of a 
pen and was called the calamus scriptorius by ancient anatomists. In this part 
of the fossa there is on either side a small depression, the inferior fovea. From 
this point run two diverging sulci; a medial groove toward the opening ol the 
central canal and a lateral groove more nearly parallel to the median sulcus. By 
these sulci the inferior portion of the fossa is divided into three triangular areas. 
Of these the most medial is called the trigone of the hypoglossal nerve or tngonum 
nervi hy poglossi. Beneath the medial part of this slightly elevated area is located 
the nucleus of the hypoglossal nerve. The area between the two sulci, which 
diverge from the fovea inferior, is the ala einerea or triangle of the vagus nerve. 
The third triangular field, placed more laterally, forms a part of the vestibular 
area. 

The vestibular area is, however, not restricted to the inferior portion ot the 
fossa, but extends into the intermediate part as well. Here it forms a prominent 
elevation over which the striae medullares run. Subjacent to this area lie the 
nuclei of the vestibular nerve. A part of the acoustic area and all ot the ventricu¬ 
lar floor rostral to it belong to the pons. 

Rostral to the striae medullares there may be seen a shallow depression in 
the sulcus limilans, the fovea superior, medial to which there is a rounded 
elevation, the facial colliculus. Under cover of this eminence the libers ot the 
facial nerve bend around the abducens nucleus. Extending from the tovea 
superior to tin* cerebral aqueduct is a shallow groove, usually faint blue in color, 
the locus caerulcus, beneath which lies a nucleus, composed of pigmented nerve 
cells. 

Beginning at tin* cerebral aqueduct and extending* through both the superior 
and inferior foveue is the sulcus limilans , which represents the line of separation 
between the parts derived from the alar plate and those which originate from 
the basal plate of the embryonic rhombencephalon. Lateral to this sulcus lie 
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the sensory areas of the ventricular floor, including the area acustica, all of 
which are derived from the alar plate. Medial to this sulcus there is a prominent 
longitudinal elevation, known as the medial eminence which includes two struc¬ 
tures already described, namely, the facial colliculus and the trigone ot the 
hypoglossal nerve. Beneath the medial part of this trigone lies the nucleus oj 
the hypoglossal nerve and beneath the lateral part is a group of cells designated 
as the nucleus intcrcalatus. 

One or two features remain to be mentioned. At the caudal end ot the ala 
cinerea is a narrow translucent obliquely placed ridge of thickened ependyma, 



Figi'RE 34. Dorsal view of human rhombencephalon showing tela ehorioidea and chorioid plexus 

of the fourth ventricle. 


known as the funiculus separous. Between this ridge and the clava is a small 
strip, calk'd the area postrema, which on microscopic examination is found to be 
rich in blood vessels, neuroglial tissue, and nerve fibers. It has been considered 
to be a kind of neurovegetativc nucleus, but whether it has a nervous or an 
endocrine function is not known (Cammcrmeycr, 1947). 

The roof of the fourth ventricle is formed by the anterior medullary velum , 
a small part of the white substance of the cerebellum , and by the tela ehorioidea 
lined intcrnallv by ependymal epithelium (Big. 30). Caudal to the cerebellum 
the true roof of the cavity is very thin and consists only of a layer of ependymal 
epithelium, which is continuous with that lining the other walls of the ventricle. 
This is supported on its outer surface by a layer of pia mater, the tela ehorioidea . 
rich in blood vessels. From this layer vascular tufts, covered by epithelium, are 
invaginated into the cavity and form the chorioid plexus of the fourth ventricle 
(Fig. 34). The plexus is invaginated along two vertical lines close to the median 
plane and along two horizontal lines, which diverge at right angles from the 
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vertical ones and rim Inward tin' lateral recesses. These right and left halves are 
joined together at the angles so that the entire plexus has the shape of the letter 
T, the vertical limb of which, however, is double. 

After the tela chorioidca with its epithelial lining has been torn away to 
expose the floor of the ventricle, there remains attached to the lateral boundaries 
of the caudal part of tin* cavity the lorn edges of this portion of the roof. These 
appear as lines, the taeniae of the fourth ventricle, which meet over the caudal 
angle of the cavity in a thin triangular lamina, the obex (Fig. 33). Rostral ly 
each taenia turns laleralward over the restiform body and forms the caudal 
boundary of the corresponding lateral recess. 

The anterior medullary velum is stretched between the dorsomedial borders 
of the two superior cerebellar peduncles (braehia conjunctiva) and extends from 
the white center of the cerebellum to the lamina quadrigemina (Figs. .‘10, 33). Ad¬ 
herent to its dorsal surface is a thin tongue-shaped lobule of the cerebellum, 
gray in color, known as the lingula (Fig. 348). 


The Mesencephalon 

The midbrain or mesencephalon occupies the notch in the tentorium and 
connects the rhombencephalon, on the one side of that shelf-like process of dura, 
with the prosencephalon on the other (Fig. 30). It consists of a dorsal part, the 
lamina and corpora quadrigemina, and a larger ventral portion, the cerebral 
peduncles . It is tunneled by a canal of relatively small caliber, called the cerebral 
aqueduct, which connects the third and fourth ventricles and is placed nearer the 
dorsal than the ventral aspect of the midbrain (Figs. 30, 1(58). 

The cerebral peduncles (pedunculi cerebri, crura cerebri), as seen on the 
ventral aspect of the brain, diverge like a pair of legs from the rostral border 
of the pons (Fig. 31). Just before they disappear from view by entering the 
ventral surface of the prosencephalon they enclose between them parts of the 
hypothalamus, and are encircled by the optic tracts (Fig. 31). On section, each 
peduncle is seen to be composed of a dorsal part, the tegmentum , and a ventral 
part, the basis pedunculi. Between the basis pedunculi and the tegmentum there 
intervenes a strip of darker color, the substantia nigra (Fig. 1(58). By dissection 
it is easy to show that the basis pedunculi is composed of longitudinally coursing 
fibers which can be traced roslrallv to the internal capsule (Fig. 3 C 2). In the 
other direction some of these fibers can be followed into the corresponding 
pyramid of the medulla oblongata. On the surface two longitudinal sulci mark 
the plane of separation between the tegmentum and the basis pedunculi. The 
groove on the medial aspect of the peduncle, through which emerge the fibers 
of the third nerve, is known as the* sulcus of the oculomotor nerve , while that on 
the lateral aspect is called the lateral sulcus of the mesencephalon. Dorsal to this 
latter groove the tegmentum comes to the surface and is faintly marked by fine 
bundles of fibers which curve dorsally toward the inferior colliculus of the 
corpora quadrigemina (Fig. 3*2). These libers belong to the lateral lemniscus, 
the central tract associated with the cochlear nerve. 

The corpora quadrigemina form the dorsal portion of the mesencephalon, 
and consist of four rounded eminences, the quadrigeminal bodies or colliculi , 
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which arise from the dorsal aspect of a plate of mingled gray and white mallei 
known as the quadrigeminal lamina (Fig. A median longitudinal groove 
separates the right and left colliculi. In the rostral end of this groove rests the 
pineal body , while attached to its caudal end is a hand which runs to the anterior 
medullary velum, and is known as the frenulum reli. A transverse groove runs 
between the superior and inferior colliculi and extends onto the lateral aspect of 
the mesencephalon, where it intervenes between the superior colliculus and the 
inferior quadrigeminal brachium (Fig. .*».*$). 

From each colliculus there runs laterally an arm or brachium (Fig. 41). 
The inferior quadrigeminal brachium i> the more conspicuous. It runs from the 
interior colliculus to the medial genieulate body , an oval eminence belonging 
to the diencephalon, which has been displaced caudally so as to lie on the lateral 
aspect of the mesencephalon. The superior quadrigeminal brachium runs from 
the superior colliculus toward the lateral geniculate body , passing between the 
pulvinar of the thalamus and the medial geniculate body. The bundle can be 
shown to connect with the optic tract beyond the lateral geniculate body. 

THK CEREBELLUM 

The Anatomy of the Cerebellum. I he cerebellum is developed from the 
dorsal aspect of the mctcnecphalon and lies as one of the three major supra- 
segmental structures above the main axis of the central nervous system, a 
little out of the direct line, but well connected. Its size and appearance in 
different animal species can be matched roughly by stages in the development, 
of the human cerebellum (Fig. .‘>5). In animals with simple movements, such as 
the lamprey which only wiggles or the frog which hops, and in which the center 
of gravity of the individual is never far from its base of support, the cerebellum 
is small. In higher animals with more elaborate movements of trunk and limbs 
and a center of gravity not so close to the base of support, the cerebellum is 
appropriately more elaborate. Knowledge of the relation of separate parts of 
the cerebellum to the muscular activity of separate bodily parts has been 
gained largely through a study of comparative series. Midline portions of the 
cerebellum developed in those* animals with movements that are largely bilat¬ 
erally symmetrical, as in birds in flight. In animals in which individual move' 
ments of limbs become elaborate, the lateral portions of the cerebellum become 
more prominent. Phylogenctically older parts of the cerebellum are termed paleo- 
cerebcllum, and the more recent developments neocerebellum. It is customary 
to consider the cerebellum as composed of three parts: a small unpaired median 
portion, called the vermis , because superficially it resembles a worm bent on 
itself to form almost a complete circle: and two large lateral masses, the cerebellar 
hemispheres. On the dorsal surface of the cerebellum the vermis (Fig. t>(>) forms 
a median ridge, not sharply marked off laterally from the hemispheres. This part 
has been called the superior vermis , and in contradistinction the remainder is 
known as the inferior vermis. The latter forms a prominent ridge and lies in a. 
deep groove between the hemispheres on the central surface of the cerebellum 
(Figs. .‘I?—.4!)). The cerebellar cortex is folded to form long slender convolutions or 
folia separated by parallel sulci. 
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As in other portions oi the nervous system, names have been appli< <1 to 
parts of the cerebellum because of their external appearance rather than bom 
an understanding of function. More recent terminology has been applied to com¬ 
parable parts of the cerebclla of different species of animals m the hope ot 

simplification. 

A fundamental plan ol the mammalian cerebellum is lecogmzablc fiom 
comparative studies and especially from the viewpoint ol the embryology, whole 
similar patterns can be seen at early stages (Larsell, lho^, 1353, 1054), when 
the folding is simpler. Of the various fissures that subdivide the cerebellum, sonic 
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are especially significant. The posterolateral fissure separates the more caudal 
flocculonodular lobe, having heavy vestibular connections, from the coipus 
cere belli, which constitutes the main bulk of flic cerebellum. The flocculo¬ 
nodular lobe belongs to paleocerebellum, while the corpus cerebelli has both 
paleo- and neoccrebellar origin. 

As its name implies, the flocculonodular lobe includes the two ftoeculi 
laterally connected by a peduncle with the nodulus medially. In man the flocculi 
are small irregular lobules situated on the interior surface ot the hemisphere 
close to the braehia pout is (Fig. 37). 

The corpus cerebelli is divided by the primary fissure into an anterior and a 
posterior lobe. The anterior lobe includes all that part of the cerebellum that 
lies on the rostral side of the primary fissure (Fig. 30). In this lobe the folia 
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have a transverse direction and extend without interruption across the vermis 
into both hemispheres. It includes the three most rostral lobules ol the superior 
vermis, which are designated in order from before backward, the lingula, lobulus 
centralis and culmcn. In man it also includes a large wing-shaped portion ot each 
hemisphere. 

The posterior lobe includes that part of the cerebellum between the primary 
fissure and the posterolateral fissure, and it shows certain subdivisions. The most 
rostral portion is the lobulus simplex or simple lobule, which is separated from 
the anterior lobe by the primary fissure, and like that lobe it consists of trans¬ 
verse folia which extend across the superior vermis into both hemispheres (Figs. 
30, 31)). In man the simple lobule and its neighbor across the primary fissure 
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have in the past been called together the quadrangular lobule , but from a com¬ 
parative anatomical view it seems more reasonable to refer to these divisions as 
anterior and posterior semilunar lobules. The remainder of the neocerebellar 
part of the posterior lobe is subdivided into median and paired lateral portions. 
The median part from before backwards includes joliiun and tuber of the neo¬ 
cerebellum, and pyramis and uvula of the paleocerebellum. Paired lateral parts 
associated with the folium and tuber are the neocerebellar ansiform and para¬ 
median lobules, of which the ansiform contributes the greatest bulk to the 
cerebellar hemispheres. Associated with the pyramis and uvula laterally are the 
paraflocculi which are also paleocerebellar, and incidentally are rudimentary 
in man, though they are highly developed in aquatic mammals. 

The folium and tuber vermis may be identified in man at the occipital 
extremity of the inferior vermis. The ansiform lobule in man is continuous 
around the posterior border from tlie superior surface of the hemisphere (where 
it is known as the superior semilunar lobule'j to the inferior surface (inferior 
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semilunar lobule. Figs. 3(1 to 39). These are referred to in comparative anatomy 
as Crus I and C'rus II of tin' ansiform lobule. 

The paramedian lobule, for which homology with that of lower forms is not 
entirely elear though it apparently includes the tonsil and at least part of the 
biventral lobule of old terminology, is found in the caudal surface in man, 
behind the greatly expanded lobulus ansiformis. 


Prccul initiate 



It has long been known that the degree of development of the cerebellar 
hemispheres in the different classes of vertebrates is closely correlated with that 
of the pons and cerebral cortex. This is particularly true of the ansiform and 
paramedian lobules, which, like the' neopallium, are recent phylctic develop¬ 
ments, i.e., belong to the ncocerebcllum. 


THE DIENCEPHALON 


Development. In an earlier chapter we traced briefly the development 
of the prosencephalon and showed that the cerebral hemispheres were developed 
through the evagination of the lateral walls of the telencephalon (Fig. 1(1). It 
is, however, only the alar lamina which is involved in this evagination. It. has 
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boon shown that the basal lamina and sulcus limilnns do not extend into the 
prosencephalon, which is formed entirely from the alar plates (Schulte and 
Tilney, 1015; Kingsbury, The floor of the neural tube in this region is 

formed by the union of these plates across the median piano. Iluough tlu 
excessive growth of the hemisphere the diencephalon becomes covered from 
view (Fig. 17), and appears to occupy a central position in the adult human 
brain. It is separated from the hemisphere by the transverse cerebral fissure, 
which is formed by the folding back of the hemisphere over the diencephalon. 
The roof of the prosencephalon remains thin and constitutes the epithelial root 
of the third ventricle, which along the median plane becomes mvaginatcd into 
the ventricle as the covering of a vascular network to form the chorioid plexus. 

'There is but one pair of nerves associated with the diencephalon, and 
these, the optic nerves, are not true nerves, blit fiber tracts joining the retinae 
with the brain. It will be remembered that the retina develops as an evagma- 
tion of the lateral wall of the prosencephalon in the form ot a vesicle whose 
cavity is continuous with that of the torebrain. By a folding of it> walls in the 
reverse direction, i.e., by invagination, the optic vesicle becomes transformed 
into the optic cup (Fig. 13); and the cavity of the vesicle becomes reduced to a 
mere slit between the tw r o layers forming the wall of the cup. The inner of these 
tw T o layers develops into the nervous portion of the retina, and nerve fibeis 
arising in it grow' back to the brain along the course of the optic stalk, which 
still connects the optic clip with the forebrain, dins mode of dc\clopmcnt sei\es 
to explain why the structure of the retina resembles that of the brain more 
than it does that of other sense organs, and why the optic ner\e fibeis, like those 
of the fiber tracts of the central nervous system, are devoid of neurilemma 

sheaths. 

The diencephalon wdiich encloses the third ventricle is composed of the 
following parts; (1) epithalamus, ( c 2) thalamus, including the geniculate 
bodies, termed metathalamus, (3) subthalamus or ventral thalamus, and 
(4) hypothalamus. 

The Timm Ventricle 

Since the third ventricle is chiefly surrounded by structures belonging to 
the dicncephalon, it will be convenient to consider it at this point and to gi\r 
at the same lime an account ot the parts of the telencephalon wdiich help to 
form its walls. These include the lamina tcrminalis and anterior commissure 
(Fig. 40). The lamina tcrminalis is a thin plate joining the two hemispheres, 
which stretches from the optic ehiasma in a dorsal direction to the anterior 
commissure. I lore it becomes continuous with the thin edge ot the lostium of 
the corpus callosum, known as the rostral lamina. The anterior commissure is a 
bundle of libers which crosses the median plane in the lamina tcrminalis and 
serves to connect certain parts of the two cerebral hemispheres, which are 
associated with the olfactory nerves. The anterior commissure and the lamina 
tcrminalis torm the vostral boundary ot the third ventricle, and between the 
latter and the optic ehiasma is a diverticulum, know'll as the optic recess. 

The third ventricle is a narrow' vertical cleft. The lateral malls are formed 
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for the greater part by the medial surfaces of the two thalami which arc usually 
fused across the middle portion forming the interthalamic adhesion (massa 
intermedia). Ventral to the interthalamic adhesion is seen a groove known as the 
hypothalamic sulcus, which if followed rostrally leads to the interventricular 
foramen, while in the other direction it can be traced to the cerebral aqueduct. 
Below this groove the lateral wall and floor of the ventricle are formed by the 
subthalamus and hypothalamus. 

Jn the floor of the ventricle there may be enumerated the following struc¬ 
tures, beginning at the rostral end: the optic ehiasma, infundibulum, tuber 
cinercum, mammillary bodies, and the subthalamus. 

The roof of the third ventricle is formed by the thin layer of ependyma, 
which is stretched between the striae medullares thalami of the two sides (Figs. 
40, 42). Upon the outer surface of this ependymal roof is a fold of pia mater 
in the transverse fissure. This is known as the tela ehorioidea; and from it deli¬ 
cate vascular folds are invaginated into the ventricle, carrying a layer of 
ependyma before them by which they are, in reality, excluded from the cavity. 
These folds are the chorioid plexuses (Figs. 41, 42). There are two of them 
extending side by side from the interventricular foramina to the caudal extremity 
of the roof. Here they extend into an evagination of the roof above the [lineal 
body, known as the suprapineal recess. 

There are three openings into the third ventricle. The aqueduct of the cere¬ 
brum opens into it at the caudal end; while at the opposite extremity it com¬ 
municates with the lateral ventricles through the two interventricular foramina. 

The Thalamus 

The thalamus is a large ovoid mass, consisting chiefly ot gray matter, 
placed obliquely across the rostral end of the cerebral peduncle (Figs. 40, 42). 
Between the two thalami a deep median cleft is formed by the third ventricle. 
The rostral or anterior end is small and lies close to the median plane. It projects 
slbditlv above the rest of the dorsal surface, forming the anterior tubercle of 
the thalamus, and helps to bound the interventricular foramen (Fig. 40). The 
caudal or posterior extremity is larger and is separated from its fellow by a 
wide interval, in which the corpora quadrigemina appear. It forms a marked 
projection, the pulvinar, which overhangs the medial geniculate body and the 
brachia of the corpora quadrigemina. For purposes of description it is con¬ 
venient to recognize four thalamic surfaces, namely, dorsal, ventral, medial, and 
lateral. 

The dorsal surface of the thalamus is free and directed upward (Fig. 41). 
It forms the floor of the transverse fissure of the cerebrum and is separated by 
this fissure from the parts of the cerebral hemisphere which overlie it, that is, 
from the fornix and corpus callosum. Laterally it is bounded by a groove which 
separates it from the caudate nucleus and which contains a strand of longi¬ 
tudinal fibers, the stria terminalis and a vein, the vena terminalis (Figs. 41, 
42). The dorsal surface is separated from the lhedial by a sharp ridge, the taenia 
thalami, which represents the torn edge of the ependymal roof of the third 
ventricle. The taeniae of the two sides meet on the stalk of the pineal body. 
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The prominence of lliis lorn edge ol the root is iiiCj*e;is(*< 1 by ;i longit udinal 
bundle of li I I lie .slrid mcdullaris llialami. This fascicle, together willi I lie 
closely related habenular trigone and tlie pineal body, belongs lo the epithalamus 
and will be described Inter. 

ddie dorsal .surface of tlie thalamus is .slightly convex and is divided by a 
faint groove into two parts: a lateral area, covered by the lamina ajjixa and 
forming a part of the floor ol the lateral ventricle: and a larger medial area, 
which forms the floor of the transverse fissure of the cerebrum. The oblique 
groove separating these two areas corresponds to the lateral border ol the fornix 
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(Figs. 41, 4 C 2). The lamina aflixa is part of the ependymal lining of the lateral 
ventricle superimposed upon this part of the thalamus. Along its medial edge is 
the lacnia rhorioidca , where the epithelium of the chorioid plexus is continuous 
with the ventricular ependymal lining. Idle transverse fissure intervenes between 
the thalamus and the cerebral hemisphere. It' contains a fold of pia mater, 
known as the Ida r/iorioldra , bearing as it does the chorioid plexus ol the third 
ventricle m the midline and the chorioid plexuses of the lateral ventricles along 


its edges (Figs. 40. 4 C 2, 58). 

d die medial surface of the thalamus is 
the lateral wall of tin' third ventricle (Fig. 
the medial surfaces of the two t ha la ni i art* 
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adhesion, which represents a secondary fusion during growth and is absent in 
al) 0 ut 20 per cent of eases. 

Occasionally, but not very often, an additional small band of gray matter stretches across 
the third ventricle from one wall to the other (Vonderahe. 1937). 

The lateral surface of the thalamus is hidden from view. It lies against the 
broad band of fibers, known as the internal capsule, which connects the cerebral 
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Figure 41. Dorsal view of the human brain stem. (Sobotta-McMurrich.) 


hemispheres with the lower levels of the central nervous system. Phis surface is 
best examined in sections through the entire cerebrum (Figs. 42, 200, 207, 220). 
Many fibers stream out of the thalamus through its lateral surface and enter 
the internal capsule, through which they reach the cerebral cortex. To this 
important stream of fibers the name thalamic radiation is applied. 

The ventral surface of the thalamus is directed downward and lies on the 
subthalamus and the tegmentum of the mesencephalon (Figs. 42. 200, 207, 217, 
218. 222. 228). [Many fibers, representing such ascending tegmental paths as the 
medial lemniscus, spinothalamic tract, and brachium eonjunctivum, enter the 
thalamus through this surface. A part of this ventral surface is formed by the 
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Figure -K2. Diagrammatic frontal section through the human thalamus and the structures which 

immediately surround it. 


medial and lateral geniculate bodies. They lie lateral to the rostral end of the 
mesencephalon (Fig. 400). 

THE EXTERNAL CONFIGURATION OF THE CEREBRAL HEMISPHERES 

Development. The cerebral hemispheres are formed by the evagination of 
the lateral walls of the telencephalon, the rest of which remains as the boundary 
of the rostral part of the third ventricle, and is known as the telencephalon 
medium. The cavities of the evaginated portions are known as the lateral ven¬ 
tricles and communicate with the third ventricle by way of the interventricular 
foramina (Figs. 18, 10, 17). Each of the cerebral hemispheres consists of two 
vcntrallv placed portions, the rhinencephalon or olfactory lobe and the corpus 
striatum , and a third part, more extensive than the others, the pallium or primi¬ 
tive' cerebral cortex. The pallium expands more rapidly than the other parts, 
both rostrally and caudallv, and comes to overlie the diencephalon, from which 
it is separated by the transverse fissure (Fig. 17). 1 he fold ot pia mater which 
is inclosed within this fissure is known as the tela chorioid ecu from it a \asculai 
plexus grows into the lateral ventricle through the thm poition ot the medial 
wall of tin' hemisphere, where this is attached to the diencephalon. This forms 
the chorioid plexus of the lateral ventricle and carries before it an epithelial 
covering from the ependymal lining, by which it is, in reality, excluded from 
the ventricular cavity. This invagination of the medial wall ot the hemisphere 
produces the chorioid fissure. \ entrallv the thickened part ot the hemisphere, 
know'll as the corpus striatum, remains in uninterrupted continuity with the 
thalamus. 

At first the cerebral hemisphere has a relatively large cavity and thin walls. 
As the pallium and ventricle enlarge they become bent around the thalamus and 
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corpus striatum (Fig. 17). The hemisphere becomes bean-shaped and expands 
rostrallv to form the frontal lobe, candidly to form the occipital lobe, and 
ventrolatorally to form the temporal lobe (Fig. 48). Into eaeh of these* there is 
carried a prolongation of the lateral ventricle forming respectively the anterior, 
posterior . and inferior horns. Between the temporal and frontal lobes a deep 
fossa appears, which is the forerunner of the lateral fissure. At the bottom of this 
fossa is the insula , a portion of the cortex which overlies the corpus striatum and 
develops more slowly than the surrounding areas (labeled lateral fissure. Fig. 
48). Folds from the surrounding cortex close in over the insula, burying it from 
sight in the adult brain. These folds are known as the opereula, and the deep 
cleft which separates them as the lateral fissure. 

Development of the Cerebral Cortex. At first the pallium, like other parts 
of the neural tube, consists of three primitive zones: the ependymal, mantle, 
and marginal layers. But during the third month neuroblasts migrate outward 
from the ependymal and mantle layers into the marginal zone and there give 
rise to a superficial layer of gray matter—the cerebral cortex. Nerve fibers 
from these neuroblasts and others growing into the hemisphere from the thala¬ 
mus accumulate on the dee]) surface of the developing cortex and form the 
white medullary substance of the hemisphere. As the brain increases in size 
the area of the cortex expands out of proportion to the increase in volume of 
the white medullary layer upon which it rests, and is thrown into folds or gyri 
separated by fissures or sulci. All the larger mammalian brains present well 
developed gyri, while the smaller brains are smooth; it would thus appear that 
the size of the brain is an important factor in determining the amount of folding 
that occurs in the cortex. 

The cortex docs not differentiate in exactly the same manner throughout, 
but mav be subdivided into strueturallv and functionallv distinct areas. The sulci 

t. i ‘ 

develop in more or less definite relation to these areas, some making their 
appearance along the boundary lines between them. These are known as terminal 
sulci, of which the rhinal fissure and central sulcus are examples. Sometimes the 
folding occurs entirely within such an area, i.e., along its axis. There are still 
others in which the relation to these functional areas is not so evident. The 
arrangement of the fissures and sulci in a seven months' fetus is shown in Fig. 48. 

Development of the Septum and Commissures. The two hemispheres 
are connected by the laminct terminalis, which serves as a bridge for fibers which 
cross from one hemisphere to the other. These form three important bundles: 
the anterior commissure , the commissure of the fornix, and the corpus callosum. 
The two former connect the olfactory portions of the hemispheres, while the 
latter is the great commissure of the non-olfactory cortex or neopallium. 


Everyone admits that the anterior commissure develops in the lamina terminalis (Fig. -It); and 
the corpus callosum and commissure of the fornix (hippocampal commissures) are said to form in its 
dorsal part (Streeter. 191 * 2 ). According to this account the lamina terminalis becomes stretched by 
the great development of the corpus callosum and appropriates part of the paraterminal body. Fins 
is the portion of the rhineneephalon that lies immediately rostral to the lamina terminalis in the 
medial wall of each hemisphere. Eventually the lamina tennhmlis presents a large cut surface in the 
median sagittal section and includes the commissures as well as the septum pellneidum. The portion 
of the lamina terminalis which enters into the formation of the septum becomes hollow as a result 
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«f the stretching lo which il is subjected, and 1 lie resulting cavily is known as the rainm aeph 
pclluoidi. 

The cerebral hemispheres are ineomplelely separated from each other b.v the 
lougiludinal fissure of the cerebrum, at the bottom ot which lies a broad band 
of commissural fibers, the corpus cullosiuu , which lorms the chict bond ot union 
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Figure 43. Lateral view of llie L cerebral hemisphere from a se\en months lotus. (Kollmann.) 



A B 

Figure ft. Schematic representation of the development of the septum pellneidnm and lelen- 
eephalie commissures: .1. Anterior commissure; ('. corpus callosuiiK C . P.. columua lormcis, 
C. S. P., cavmn sepli pelhicidi; /’.. fornix: //. commissure of the fornix (hippocampal commis¬ 
sure): I. interventricular foramen: Pix., ehorioid fissure: L. I .. lamina tcrminalis. (Based on 
drawings of models of the telencephalon of a four months' fetus (.1) ami of a five months’ tetus 
(li) by Streeter.) 


between them. Facli hemisphere has three surfaces: a convex dorsolateral surface 
(Fig. 45 ), a median surface flattened against the opposite hemisphere (Fig. 49), 
and a verv irregular ventral or basal surface. A dorsal border separates the dorso¬ 
lateral from lhe medial surface, and a lateral border marks the transition between 
the dorsolateral and basal surfaces. Out* may recognize also frontal, occipital. 
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and temporal jioles (Fig. 45). The long axis of llie hemisphere extends between 
the frontal and occipital poles, and in man is placed almost at right angles to the 
long axis of the body (Fig. 20). while in other mammals it corresponds more 
nearly to the body axis. On this account it will be convenient in the descrip¬ 
tion of the human cerebral hemisphere to take' the occiput as a point of reference 
and use the term “])°stei'ior in place of "caudal." Otherwise our directive terms 
remain the same as in the diencephalon—rostral or anterior, dorsal or superior, 
and ventral or interior— except that for the term "ventral" we shall often use 
the word “basal." 
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Figure 4;>. Lateral view of the human cerebral hemisphere. (Sobotta-MeMurrieh.) 


The cerebral cortex is a layer of gray matter spread over the surface of the 
hemisphere; its area is greatly increased by the occurrence of folds or gyri 
separated by deep sulci. That part of the cortex which belongs to the rliinen- 
cephalon and is phylogeneticnlly the oldest is designated as the archipallium. It 
is separated from the newer and in mammals much larger neopailium or non¬ 
olfactory cortex by the rhinal fissure (Fig. 50), which is less obscured in sheep, 
than in man (Fig. 420). 


The Dorsolateral Surface of the Hemisphere 

By means of some of the more important sulci and a few arbitrary lines 
the cortex is marked off into well defined areas, known as the frontal , parietal, 
temporal , and oeeipital lobes (Fig. 40). To these should be added a lobe buried 
at the bottom of the lateral fissure and known»as the insula (Fig. 48). In the 
delimitation of these lobes the lateral fissure and the central sulcus play a 
prominent part. Some of the more important sulci are designated as fissures. 
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'Phis usage is regulated by custom but il may be said that some of the fissures 
are in vaginal ions of the entire thickness of the wall of the hemisphere and pro¬ 
duce corresponding elevations projecting into the lateral ventricle. 

The lateral cerebral fissure or fissure of Sylvius begins on the basal surface 
of the brain as a deep cleft lateral to the anterior perforated substance (log. 51). 
From this point it extends laleralward between the temporal and frontal lobes 
to the lateral aspect of the brain, where it divides into three branches (logs. 4a, 
4(5). The anterior horizontal ramus of the lateral fissure runs rostrallv, and the 
anterior ascending ramus dorsallv into the frontal lobe. The posterior ramus of 
the lateral fissure is much longer, and runs obliquely toward the occiput and at 
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Figure 46. 


Diagram of the lobes on the lateral aspect of the human cerebral hemisphere. 


the same time somewhat dorsallv. The terminal part turns dorsallv into the 
parietal lobe. This fissure is, in reality, a deep fossa, at the bottom of which lies 
the insula. It separates the frontal and parietal lobes, which he dorsal to it, from 

the temporal lobe. 

The central sulcus or fissure of Rolando runs obliquely across the dorso¬ 
lateral surface of the hemisphere, separating the frontal from the parietal lobe 
(Figs. 27. 45, 40). Tt begins on the medial surface of the hemisphere a little 
bellind the middle of the dorsal border and extends in a sinuous course rostrallv 
and toward the base, nearly reaching the posterior ramus of the lateral fissure. 
It makes an angle of about 70 degrees with the dorsal border. 11 is customary 
to recognize two knee-like bends in this sulcus; one located at the junction ot 
the dorsal and middle thirds with concavity forward, and the other at the junc¬ 
tion of the middle and basal thirds with concavity backward, but these are not 
always conspicuous. If the margins of the sulcus are pressed apart, a deep 
annectent gyrus may often be seen extending across it, by which the con¬ 
tinuity of the sulcus is to some extent interrupted. 1 his is explained by the fact 
that the sulcus usually develops in two pieces, which become united as the 
depth of the sulcus increases. 

Lobes. The jronial lobe lies dorsal to the lateral cerebial fissuic and i ostial 
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to tlic central sulcus (Fig. 40). The remainder of the dorsolateral surface is sub¬ 
divided rather arbitrarily into the parietal, occipital, and temporal lobes. The 
rostral border of the occipital lobe is usually placed at a line joining the end of 
the parieto-occipital fissure with the preoeeipital notch. The latter is a slight 
indentation on the lateral border of the hemisphere about 4 cm. rostral to the 
occipital pole, while the parieto-occipital fissure is a deep cleft on the median 
surface (Fig. 49), which cuts through the dorsal border about midway between 
the occipital pole and the central sulcus, but a little nearer the former. The 
parietal lobe is situated between the central sulcus and the imaginary line join¬ 
ing the parieto-occipital fissure with the preoeeipital notch. It lies dorsal to the 
lateral fissure and to an imaginary line connecting that fissure with the middle 
of the preceding line. The remainder of the dorsolateral surface belongs to the 
temporal lobe. 

I he Frontal Lobe. The rostral part of the hemisphere is formed by the 
frontal lobe. Within it one may identify three chief sulci, which are, however, 
subject to considerable variation. The precentral sulcus is more or less parallel 
with the central sulcus and is often subdivided into two parts, the superior and 
inferior precentral sulci (Fig. 47). The superior frontal sulcus usually begins 
in the superior precentral sulcus and runs rostrally, following in a general way 
the curvature of the dorsal border of the hemisphere which it gradually ap¬ 
proaches. The inferior frontal sulcus usually begins in the inferior precentral 
sulcus and extends rostrally, arching at the same time toward the base of the 
hemisphere. For minor variations compare Figs. 45 and 4(>. 

Between the precentral and central sulci lies the anterior central gyrus in 
which is found the motor area of the cerebral cortex. The remainder of this 
surface of the frontal lobe is composed of three convolutions, the superior, 
middle and inferior frontal gyri , separated from each other by the superior and 
inferior frontal sulci. The inferior frontal gyrus, which in the left hemisphere 
is also known as Broca's convolution, is subdivided by the two anterior rami 
of the lateral sulcus into three parts, known as the orbital, triangular, and 
opercular portions. The orbital part of the inferior frontal gyrus lies rostral 
to the anterior horizontal ramus of the lateral sulcus: the triangular part is a 
wedge-shaped convolution between the two anterior rami of that fissure: while 
the opercular portion lies in the frontal operculum between the precentral sulcus 
and the anterior ascending ramus of the lateral fissure. 

The Temporal Lobe. \ cntral to the lateral fissure is the long longue-shaped 
temporal lobe which terminates rostrally in the temporal pole. The superior 
temporal sulcus is a very constant fissure, which begins near the temporal pole 
and runs nearly parallel with the lateral cerebral fissure. Its terminal part turns 
dorsallv into the parietal lobe. The middle temporal sulcus, ventral to the pre¬ 
ceding and in general parallel with it, is usually composed of two or more dis¬ 
connected parts. The inferior temporal sulcus is located for the most part on the 
basal surface of the temporal lobe. Dorsal to each of these fissures is a gyrus 
which bears a similar name: the superior temporal gyrus , between the lateral 
fissure and the superior temporal sulcus: the Diiddle temporal gyrus , between 
the superior and middle temporal sulci: and the inferior temporal gyrus, between 
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M,c middle and inferior temporal sulci. The lateral fissure is very deep: and the 
surface of the superior temporal gyrus that hounds it is broad and marked near 
its posterior extremity by horizontal convolutions, known as the transverse 
temporal gyri. One of these, more marked than the othcis, has b( ( n cnlhd tin 
(interior transverse temporal gyrus or Ilesclds convolution and lcpicscnts the 
cortical center for hearing (big. 52). 

The Parietal Lobe. The postcentral sulcus runs nearly parallel with the 
central sulcus and consists ot two parts, tin* superior and inferioi postcciitial 
sulci , which may unite with each other or with the infra parietal sulcus. Often 
all three are continuous, forming a complicated fissure, as shown in Fig. 47. 1 he 
intraparietal sulcus extends m an arched course toward the occiput and may * ml 
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Figure 47. Sulci and gyri on the lateral aspect of the human cerebral hemisphere. 

in the transverse occipital sulcus. 4 liese four sulci are often included undci the 
term ‘‘intraparietal sulcus. ' The inlraparictal sulcus proper is then designated 
as the horizontal ramus. 

The posterior central <gyrus lies between the central and postcentral sulci. 
The intra parietal sulcus separates the superior parietal lobule from the inferior 
parietal lobule. 'Within the latter there are to be seen tvo con\olutions. tlu 
supramarginal gyrus , which curves around the upturned end of the lateral 
fissure: and the angular gijrus , similarly related to the terminal ascending por¬ 
tion of the superior temporal fissure. 

The Occipital Lobe. Only a small part of the dorsolateral surface of the 
hemisphere is formed by the' occipital lobe*. 1 his is a triangular aiea at the 
occipital extremity, bounded roslrally by a line joining the parieto-occipital 
fissure* and the* prc'occipilal notch (Figs. 4(5, 48). 1 he transvcTse occipital sulcus 
may help to bound this area or may lie* within it. Other inconstant sulci help 
to divide it into irregular convolutions. Sometimes the visual area which lies on 
the* mesial aspect ot this lobe is prolonged over the* occipital pole to the late lal 
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aspect. In this ease a small semilunar furrow develops around it on the lateral 
surface and is known as the sulcus luualus ( Fig. 47 ). 

I lie Insula. I lie part ot the eortex which overlies the corpus striatum lags 
hehmd in its development and becomes overlapped by the surrounding pallium. 
1 he cortex, which thus becomes hidden from view at the bottom of the lateral 
fissiuc, hums in the adult a somewhat conical mass called the insula or island of 
Ucil (h ig. 48). Its base is surrounded by a limiting furrow, the circular sulcus , 
which is, however, more triangular than circular, and in which we may recognize 
three portions: superior, inferior and anterior. The apex of this conical lobe is 
known as the limen insulae: and the remainder is subdivided by an oblicpic groove 
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I im uu tS. F«U ei a I \ iew ol the human eerehrnl hemisphere with the insula ex post'd by removal of 

the opereula. (Sobot ta-MeAItirrieh.) 

(sulcus centralis insulae) into the long gyrus of the insula and a more rostral 
portion, which is again subdivided into short gvri 

The Opereula. As the adjacent portions of the pallium close over the insula 
(Fig. 48) they form by the approximation of their margins the three rami of the 
lateral fissure. I hese folds constitute the opereula of the insula. Hacli of the 
thiec sm 1 oundmg lobes takes part m this process; and we may accordinglv 
recognize a frontal , a ton pored, and a parietal o pcrculum (Fig. 45 ). 

The Median and Basal Surfaces 

I he occipital lobe comes more nearly being a structural and functional 
entity than any of the other lobes. It corresponds 111 a general way to the 
*Tcgio occipitalis as outlined by Brodman (Fig. *255), and it is probably all 
concerned directly or indirectly with visual processes. We have seen that it 
forms a small convex area on the lateral surface near the occipital polo: and we 
now note that it is continued on to the medial myfaee of the hemisphere, where 
it forms a somewhat larger triangular field between the parieto-oeeipilal and 
the anterior portion ot the calcarine fissure dorsorostrally and the collateral 
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fissure ventrally. On this aspect of the brain it includes two constant and well 
defined convolutions: the cuneus and the Ungual gyrus (Figs. 49, 50). 

The calcarine fissure begins ventrally to the splenium of the corpus callosum 
and extends toward the occipital pole, arching at the same time somewhat 
dorsally. It consists of two portions. The rostral part, the calcarine fissure 
proper, is deeper, more constant in form and position, and phylogenetically 
much older than the rest, and produces the elevation on the wall of the lateral 
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Figure 49. Human cerebral hemisphere seen from the medial side. The brain has been divided 
in the median plane and part of the thalamus has been removed along with the mesencephalon 
and rhombencephalon. (Sobotta-McMurrich.) 


ventricle known as the calcar avis (Fig. 57). This part terminates at the point 
where the calcarine is joined by the parieto-occipital fissure. The other portion, 
sometimes called the “posterior calcarine sulcus,” arches downward and back¬ 
ward from this junction toward the occipital lobe, and occasionally cuts across 
the border of the hemisphere to its dorsolateral surface. The parieto-occipital 
fissure, which is really a deep fossa with much buried cortex at its depth, appears 
to be the direct continuation ot\the rostral part of the calcarine fissure. It cuts 
through the dorsal border of the hemisphere somewhat nearer to the occipital 
pole than to the central Sulcus. These fissures form a Y-shaped figure, whose 
stem is the calcarine fissure and whose two limbs are the parieto-occipital fis¬ 
sure and the “posterior calcarine sulcus.” If the fissures are opened up the stem 
is seen to be marked off from the two limbs by buried annectent gyri. 

The cuneus is a triangular convolution with apex directed rostrally, which 
lies between the diverging parieto-occipital and calcarine fissures. The rest of 
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the medial surface of the occipital lobe belongs to the lingual gyrus, which lies 
between the calcarine and collateral fissures. 

I'lie remaining sulci and gvri on the median and basal surface's may now be 
briefly described. 

The sulcus of the corpus callosum (sulcus corporis callosi) begins centrally 
to the ro.slrnm of the corpus callosum, encircles that groat commissure on its 
convex aspect, and finally bends around the splenium to become continuous 
with the hippocampal fissure (Fig. 50). The latter is a shallow groove, which 
rims from the region of the splenium of the corpus callosum toward the temporal 
pole near the dorsomedial border of the temporal lobe. It terminates in the 
bend between the hippocampal gyrus and the uncus. 
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Figure SO. Diagram of the lobes, sulci, and gvri on the medial aspect of the human cerebral hemi¬ 
sphere. 
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The sulcus cinguli (callosomarginal fissure) begins some distance ventral to 
the rostrum of the corpus callosum and follows the arched course of the sulcus 
of the corpus callosum, from which it is separated by the gyrus cinguli. It 
terminates by dividing into two branches. One of these, the sub parietal .sulcus, 
continues in the direction of the sulcus cinguli and ends a short distance behind 
the splenium. The other, known as the marginal ramus , turns off at a right 
angle and is directed toward the dorsal margin of the hemisphere just posterior 
to the point where the central sulcus turns over the medial border of the 
hemisphere. A side branch, directed dorsally, is usually given ofl from the main 
sulcus some distance rostral to its bifurcation, and is known as the paracentral 
sulcus. 

The collateral fissure begins near the occipital pole and runs roslrallv, sepa¬ 
rated from the calcarine and hippocampal fissures by the lingual and hippo¬ 
campal gvri. It is sometimes continuous witUjhe rhinal fissure. The latter 
separates the terminal part of the hippocampal gyrus, which belongs to the 
arcliipallium, from the rest of the temporal lobe (Fig. 50). 
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Convolutions. Dorsal to the corpus callosum is the gyrus nnyuli between 
the sulcus of llie corpus callosum and the sulcus cinguli. 1 In' superior frontal 
gyrus is conlinued over Iho dorsal border of the hemisphere from the dorso¬ 
lateral surface and reaches Ihe sulcus cinguli. Surrounding the end ol the central 
sulcus is a quadrilateral convolution, known as the paracentral lobule. It is 
bounded by the sulcus cinguli, its marginal ramus, and the paracentral sulcus. 
Another quadrilateral area, known as the precuneus , is bounded by the parieto¬ 
occipital fissure, the subparietal sulcus, and the marginal ramus ot the sulcus 
cinguli. The parahippocam]>al gyrus lies between tin' hippocampal fissure dor- 
sallv and the collateral and rhinal fissures ventrallv. Its rostral extremity bends 
around the hippocampal fissure to form the uncus. It is connected with the gyrus 
cinguli by a narrow convolution, the isthmus of the gyrus formcatus. I nder 
the name gyrus fornicatus it has been customary to include the gyrus cinguli, 
isthmus, hippocampal gyrus, and uncus. Between the collateral fissure and the 
inferior temporal sulcus is the fusiform gyrus which lies on the basal surface of 
the temporal lobe in contact with the tentorium of the cerebellum (higs. 4!), .31). 

It has been customary to apportion parts of the medial and basal surfaces of 
the cerebral hemisphere to the frontal, parietal, occipital, and temporal lobes, as 
indicated in Fig. 50. According to this scheme the gyrus fornicatus stands by 
itself and is sometimes designated as the limbic lobe. 1 his plan of subdivision, 
which was based on the erroneous belief that all portions ot the gyrus fornicatus 
belonged to the rhincneephalon, should be abandoned. A simpler and more 
logical arrangement assigns the hippocampal gyrus and uncus to the temporal 
lobe and divides the gyrus cinguli between the frontal and parietal lobes. 

The basal surface of the hemisphere (Fig. 51) consists of two parts: (1) the 
ventral surface of the temporal lobe, whose sulci and gyri have been described 
in a preceding paragraph, and which rests upon the tentorium cerebelli and the 
floor of the middle cranial fossa; and ( L 2) the orbital surface ot the frontal lobe 
resting upon the floor of the anterior cranial fossa. This orbital surface presents 
near its medial border the olfactory sulcus, a straight, deep furrow, directed 
roslrally and somewhat medially, that lodges the olfactory’ tract and bulb, lo 
its medial side is found the gyrus rectus. The remainder of the orbital surface of 
the frontal lobe is subdivided by irregular orbital sulci into equally irregular 
orbital gyri. 

From the foregoing account it will be apparent that almost the entire surface 
of the human cerebral hemisphere is formed by neopallium. Of the parts already 
described, only the uncus and adjacent part of the hippocampal gyrus belong to 
the archipallium. Other superficial portions of the rhincneephalon, such as the 
olfactory’ bulb, tract and trigone, and the anterior perforated substance, will be 
described in connection with the hidden parts of the rhinencephalon in Chapter 

XVII. 


the INTERNAL CONFIGURATION OF THE CEREBRAL HEMISPHERES 

When a horizontal section is made through the cerebral hemisphere at the 
level of the dorsal border of the corpus callosum, the central white substance will 
be displayed in its maximum extent and will appear as a solid, semioval mass, 
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known as the centrum semiovalc (Fig. oZ). Jt will also be apparent that lamellae 
extend from this central white substance to form the medullary centers of the 
various convolutions, and that over this entire mass the cortex is spread in an 
uneven layer, thicker over the summit of a convolution than at the bottom of a 
sulcus. 1 his medullary substance is composed of three kinds of fibers: (1) fibers 
from the corpus callosum and other commissures joining the cortex of one 
hemisphere with that of the other: (2) fibers from the internal capsule, uniting 
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Fiocre 51. Basal aspect of the human cerebral hemisphere. (Sobotta-McMnrrich.) 


the cortex with the thalamus and lower lying centers; and ( 3 ) association fibers 
i unmn^ fiom one part of the cortex to another within the same hemisphere. 

The Corpus Callosum. At the bottom of the longitudinal fissure of the 
cerebrum is a broad white band of commissural fibers, known as the corpus 
callosum , which connects the neopallium of the two hemispheres. While the 
medial portion of this commissure is exposed in the floor of the longitudinal 
fissure, its greater part is concealed in the while center of the hemisphere where 
its fibers radiate to all parts of the neopallium, forming the radiation of the 
corpus callosum. When examined in a median sagittal section of the brain, 
the corpus callosum is seen to be arched dorsally*and to be related on its ventral 
surface to the fornix and septum pcllucidum (Figs. 40. 49). The latter consists of 
two thin membranous plates, stretched between the corpus callosum and the 
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fornix and separated by a narrow cleft-like space, the eavum septi pellueidi (Fig. 
5 (5). If Uk> septum has been lorn away, it will be possible to look into the lateral 
ventricle and see that the corpus callosum forms the roof ot a large part ol that 
cavity. At its rostral extremity it curves abruptly toward the base of the brain, 
forming the ye mi, and then tapers rapidly to form the rostrum. 1 he lattei is 
triangular in cross-section, with its edge directed toward the anterior com¬ 
missure to which it is connected by the rostral lamina. 1 he body of the corpus 
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Figt’rk 5*2. Dissert ion of the liunnin telencephalon to show the radiation of the corpus callosum. 

Dorsal view. 


callosum (truncus corporis callosi), arching somewhat dorsally, extends toward 
the occiput and terminates in the splenium, a thickened rounded border situ¬ 
ated dorsal to the pineal body and corpora quadrigemina. Related to the con¬ 
cave or ventral side of the corpus callosum are the fornix, septum pellucidum, 
lateral ventricles, tela chorioidea ot the third ventricle, and the pineal body 
(Fig. 40). 

Turning again to the dorsal aspect of the corpus callosum, a careful inspec¬ 
tion will show that at the bottom of the great longitudinal fissure it is covered 
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by a very thin coating of gray matter, continuous with tlie cerebral cortex in 
the depths of the sulcus of the corpus callosum. This is a rudimentarp portion 
of the hippocampus and is known as the supracallosal gyrus or iudusium griseum. 
In this gray band there are embedded delicate longitudinal strands of nerve fibers. 
Two of these, placed close together on either side of the median plane, are known 
as the medial longitudinal striae (Fig. 52). Further lateralward on either side, 
hidden within the sulcus of the corpus callosum, is a less well developed band, 
the lateral longitudinal stria. 

The corpus callosum is transversely striated and is composed of fibers that 
pass from one hemisphere to the other. By dissection these may be followed into 
the centrum semiovale, where they constitute the radiation of the corpus cal- 
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Figure ;»3. Dorsal view of a east of the brain ventricles of man. (Retzius.) 
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losum and intersect those from the internal capsule in the corona radiata (Fig. 
52). The fibers of the genu sweep forward into the frontal lobe, constituting 
the frontal part of the radiation or forceps minor. Fibers from the splenium 
bend backward toward the occipital pole, forming the occipital part of the radia¬ 
tion or forceps major. In the human brain, fibers from the body and splenium 
of the corpus callosum sweep outward over the lateral ventricle, forming the 
roof and lateral wall of its posterior horn and the lateral wall of its inferior cornu. 
Here they constitute a very definite stratum called the tapetum (Figs. 52, 
399-401). 


The Lateral Ventricle 

When the corpus callosum and its radiation are cut away, a cavity, known as 
the lateral ventricle , is uncovered. It is lined by ependyma, continuous with the 
ependymal lining of the third ventricle by way of the interventricular foramen. 
This cavity, which contains cerebrospinal fluid* varies in size in different parts, 
and in some places is reduced to a mere cleft between closely apposed walls. The 
shape of the ventricle is highly irregular (Figs. 53, 54, 55). As constituent parts 
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we recognize a central portion and anterior , inferior , iind posterior horns, The 
posterior liom develops miller l;ile in llie liuman fetus as a (Jiv<*rliei.ilimi from 
llie main eavilv. 

The anterior horn, or cornu anterius, is the part which lies rostral to the 
interventricular foramen. Its roof and rostral boundary are formed by the corpus 
callosum. Its medial mall is vertical and is formed by the septum pellueidum, 
which is stretched between the corpus callosum and the fornix (Fig. oh). '’Idle 
sloping floor is at the same time the lateral wall, and is formed by the head of 
the caudate nucleus, which bulges into the ventricle from the ventrolateral side. 


Chorioid plexus 
Caudate impression 


Suprapineal recess, third vent. _ 


Third vent. 

Interventricular foramen 

1 Caudate impression 


y Ant. horn 


Post, horn 


Superior recess, fourth vent. --- 



. Ant. coni. 


"" Optic recess 

' Optic chiasm 
Inf. horn, lateral vent. 

Posterior com. 

Cerebral aqueduct 


Lateral recess, fourth vent. 

Figcre 54. Lateral view of a east of the brain ventricles of man. (Ketzius.) 


Ill frontal section the cavity has a triangular outline; in such a section its walls 
and the relation which they bear to the rest of the brain can be studied to 
advantage (Fig. 220). 

The central part or body of the lateral ventricle extends from the interven¬ 
tricular foramen to the splenium of the corpus callosum, where the cavity 
bifurcates into posterior and inferior horns. The roof of the central part is 
formed by the corpus callosum, and the medial wall by the septum pellueidum. 
The floor , which slants to meet the roof at the lateral angle, is composed from 
within outward of the following structures: the fornix, chorioid plexus, lateral 
part of the dorsal surface of the thalamus, the stria terminalis, vena terminalis, 
and the caudate nucleus (Figs. 5(5, 222 ). The caudate nucleus tapers rapidly as it 
is followed from the anterior horn into the body of the ventricle (Fig. . 5 ( 5 ). 
The cavity is lined throughout by ependymal epithelium, indicated in Fig. 42. 
Between the caudate* nucleus and the fornix this layer of ependyma constitutes 
the entire thickness of the wall of the hemisphere. It rests upon the thalamus 
and becomes adherent to it as llu* lamina atlixa (Fig. 41). At the margin of the 
fornix, a vascular network from the tela ehorioidea, i.e., from the pia mater in 
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Figure Ventral view of a cast of the l>rain ventricles of man. (Retains.) 
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Flora K ;>(>. Dissection of the human telencephalon. The corpus callosum has been partly removed 
and the lateral ventricles have been exposed. Dorsal view. (Sobotta-^MeMurrieh.) 
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Uh- InuiKVrrsr ivivbral lissurr. is in v;i-iii:i lc<l inlo t Im- veil I riclc, piisliin^ lliis 
epilItolial hyiT bcl'orc il :m<l cnnsliliiliiis* llif <-li<>ri<>i< 1 plexus (I-i«. »0). 

Tlie posterior horn, or cornu poslerius, extemls into the oeeipil.il lobe. 
t;iperini{ to .1 point, iiml describing a gentle enrve will, ccmeavily ilireete.l 

medially (Figs. 5(1, 57). 




Lamina of septum pellucidutn 


Columns of fornix 
Anterior tubercle of thala¬ 


mus 


Uncus . 

Hippocampal 

digitalions' 


Hippocampal 


gyrus- 


Collateral eminence 

Fimbria 
Collateral trigone 
Posterior commissure 

/\ / 

Hippocampus 
Calcar avis 


Posterior horn of lateral ventricle 




/ ✓ 


Longitudinal fissure of cerebrum 

Corpus callosum 

Cavity of septum pellucidutn 
Interventricular foramen 
Anterior horn of lateral ventricle 

'' Head of caudate nucleus 

Alassa intermedia 
■ Third ventricle 
Habenular commissure 

Habenular trigone 

Inferior horn of lateral 
ventricle 


Posterior horn of lat¬ 
eral ventricle 


Pineal body 


Corpora quadrigemina 
Vermis of cerebellum 


Fittrur .>7 Dissection of the limnnn brain to show the posterior ami interior horns ol the lateral 
ventricle. The body and spleninnt of the corpus callosum have been removed, as have also the 
body of the fornix and the tela ehorioidea of the third ventricle. A sound has been passed Inroug t 
the interventricular foramina. Dorsal view. (Sobolla-McMurrieh.) 


The la pel mu of the corpus callosum forms a thin luit distinct layer in the 
roof and lateral trail of the posterior horn, and is covered laterally by a thicker 
Inver of fibers belonging to the sagittal strata (Figs. *24..3!><>. 30!)). In the medial 
trail hvo longitudinal elevations may be seen. Of these, the more dorsal one is 
known as the bulb oj llte posterior horn (bullms cornu), and is formed by the 
occipital portion of the radiation of the corpus callosum or forceps major (Fig. 
oof). The other elevation, known as the calcar aris, is larger and is produced 
by the rostral part of the calcarine fissure, which here causes a folding of the 
entire thickness of tin* pallium. 

The inferior horn, or cornu inlerins, curves vcntrally and then tostialK into 
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the tcmpornl lobe (Fig. 57). The angle between llie diverging inferior and 
posterior horns is known as the collateral trigone. This horn lies in the medial 
part ol the temporal lobe and does not quite reach the temporal pole. The roof 
is formed by the white substance of the hemisphere, and along its medial border 
are the stria terminahs and tail of the caudate nucleus. At the end of the latter 
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Figure .58. Dissert ion of the human brain to show the tela ehorioidca of the third ventricle and 
the commissure of the fornix. The body of the corpus callosum and the fornix have been divided 
and reflected. Dorsal view, except that the ventral surfaces of the reflected corpus callosum and 
the commissure of the fornix are seen. (Sobotta-McMurnch.) 


the amygdaloid nucleus bulges into the terminal part of the inferior horn 
(Figs. 219, 393-395). The floor and medial wall of the inferior horn are formed 
in large part by the following structures. nameiMn order from within outward: 
the fimbria, hippocampus, and collateral eminence (Figs. 57, 223). I pon the 
fimbria and hippocampus there is superimposed the chorioid plexus. The hip- 
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pocanipns is n long, prominent, curved elevation, with whose medial border 
then* is associa led a hand of fibers, represent ing a coni iiniation of the fornix and 
known as tin* jnnhna. These parts will he described in connection with the 
rhinciiccphalon. The eollat eral eminence is an elevation in the lateral pari ot the 
floor produced by the collateral fissure. 

The thin epithelial membrane, described above as joining the edge of the 
fornix with tin* caudate nucleus (Fig. 4 C 2), continues to unite these structures 
as they both curve downward, the former in the floor, the latter in the root, ot 
the inferior horn. A vascular plexus from the pia mater is invaginnted into tin* 
lateral ventricle along this curved line, carrying before it an epithelial covcr- 



Fi<a re .I !). Diagram ot a cross-sod ion through llic developing lorehrain showing relationship 
of lhe ependyma covering llie chorioid plexuses lo the early ventricular spaces (modified trom 
A rev). 


ing from this thin membrane. In this way there is formed the chorioid plexus of 
the lateral nentncle (Fig. 58). The line along which this invagination occurs is 
the chorioid fissure*: when the plexus is torn away, the position ot the fissure 
is indicated by an artificial cleft extending into the ventricle, which begins at 
the interventricular foramen and follows the fornix and fimbria in an arched 
course into the temporal lobe (Fig. *24*2). The topography ot the lateral ventricle 
is well illustrated in Tigs. 8!)1—10*2. 

'Tin* chorioid plexus of the lateral ventricle (Tigs. 58, l 2 l 2 l 2) is continuous 
with that of the third ventricle at the interventricular foramen, from which 
point it can In* followed backward through the central part into the inferior 
horn. It is coextensive with the chorioid fissure and is not found in the. anterior 
or posterior horns. It consists of a vascular network derived from the pia mater, 
and is covered throughout by a layer of epithelium of ependymal origin, which 
is adapted lo every unevenness of its surface (Tig, 4 L 2). 










CHAPTER III 


Meninges and Blood Vessels 
of the Central Nervous System 


After the closing of the fontanelles and sutures of the skull, the interior of 
the cranium containing the brain is a closed compartment, and, except for the 
foramen magnum, the only openings into it from the outside are by way of 
foramina through which blood vessels and nerves pass. Since the brain ease can 
not be stretched and its contents are incompressible, it is evident that blood 
enters and leaves in equal quantities constantly. Even a slight increase of the 
blood pressure is reflected by an increase in tlu* intracranial pressure. Delicate 
adjustments of this pressure must be maintained (through carotid sinus reflexes 
and similar mechanisms) so that on the one hand the blood pressure is adequate 
to give* a constant supply of oxygen to llie* nervous tissue, and on the other it is 
not too great to interfere with function. 

The brain and spinal cord are protected by three membranes or meninges 
and cushioned by a layer of cerebrospinal fluid, which varies in thickness so as to 
fill in all the depressions in the brain's uneven surface (Fig. (il). 

The dura mater, tin* most superficial of the three membranes covering the 
brain and spinal cord, is a thick and lough layer of dense collagenous tissue. 1 he 
spinal dura is separated from the periosteum of the vertebrae by fat and blood 
vessels, but within the cranium the dura and periosteum arc fused. In other 
words the intracranial dura consists of two layers, the outer of which is 
periosteum. The inner layer or dura proper separates from the outer at certain 
points to form folds that project into the cranial cavity: the tentorium cercbelli, 
falx cerebri, and falx cercbelli (Fig. (10). Tin* tentorium eerebelli is stretched like 
a tent over the posterior cranial fossa and separates the occipital lobes ot the 
cerebral hemispheres from the cerebellum. The fair cerebri, a long sickle-shaped 
fold, nrejects downward in the midline and separates the two cerebral hemi¬ 
spheres. Beneath its free margin the corpus callosum joins the two hemispheres 
together. At its posterior end il is attached *ti> the tentorium, drawing this 
upward in the midline to a tent-like peak. The falx cerebri and tentorium 
eerebelli are stretched tight and serve mutually to keep each other taut. A 
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Figure 00. Drawing of a parasagittal section of the cranial cavity to show I he meninges and 
dural venous sinuses. The hypophysis is shown just posterior to the lead line for the circular sinus; 
just beneath it is shown the air sinus of the sphenoid hone. The great cerchral vein (of Galen) is 
shown joining llie straight sinus at an angle at the apex of the tentorium cerebelli. The middle 
meningeal vein is shown upon the wall of the middle cranial fossa. 
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much smaller sickle-shaped fold, Iho falx ccrcbclU , projects forward in Ihe mid- 
lint' in the posterior cranial fossa. Venous sinuses, to he described in another 
paragraph art' illustrated in Fig. (!(). lit- within clefts formed by the separation of 
the inner from the outer layers of dura (superior longitudinal, transverse, anti 
cavernous sinuses. Figs. hi. 11)4) or by separation of the two layers of the folds 
forming the falx cerebri and tentorium eerebelli (inferior longitudinal and 
straight sinuses) . 

The arachnoid membrane is very delicate and lies beneath the dura, from 
which it is separated by the subdural space. The latter is a mere cleft containing 
only a little moisture, except when dura and arachnoid are separated by an 
abnormal accumulation of fluid, such as a subdural hematoma. Between the 
arachnoid membrane and the pia is the subarachnoid space, containing cercbro- 
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Diagrammatic representation of tlie arachnoid and pia mater to illustrate the subarach 
noid spare and perivascular channels. pYeed.) 


spinal fluid and bridged by delicate arachnoid trabeculae (Figs, hi, (b2). The 
arachnoid is avascular: the vessels supplying brain and spinal cord run in the 
pia mater. The binding together of pia and arachnoid by trabeculae results in 
the use of the term pia-arachnoid to describe them both. 

The pia mater is a delicate membrane which closely invests and is adherent 
to the brain and spinal cord, extending down to the depths of the fissure's ami 
sulci. It is very thin over the cerebral cortex, but thicker over the brain stem. 
The blood vessels for the brain ramify within it. and as they enter the brain 
substance they are accompanied for a short distance by a pin 1 sheath (Fig. (> c 2). 

The subarachnoid space with the cerebrospinal fluid il con Inins intervenes 
between the pia and arachnoid. Since the former is closely applied lo Ihe hrain, 
following its contour into all the fossae, fissures.vynl sulci while the latter remains 
close to the dura, the depth of the subarachnoid space varies, being least over tlu* 
summits of the cerebral convolutions. 
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Al certain poults \v 1 1 <*r<* the brain dors not closely follow the contour ol 111<* 
skull the subaraehnoid space is large; these (Mila rgemeiits hold corisnhM’able 
cerebrospinal fluid and have* been called cisterns. 1 he largest ol these is the 
cerebellomedullary cistern (rislcrna inagna), which occupies the space between 
the inbaaor surface ol the cerebellum and the dorsal surface ot the medulla (h*g> 
(id). Al its lower end it is continuous with the spinal subarachnoid space, and 
the cerebrospinal (luid passes trecly through the foramen magnum. Other enlarge- 
nuMits of the subarachnoid space are designated as follows: the superior cistern, 
between cerebellum and mesencephalon: the pontine cistern, ventral to the pons; 
the interpeduncular cistern, in the interpeduncular fossa; the cistern of the 
cJiiasma, just in front of the optic chiasma; and the cistern of the lateral fossa 
of the cerebrum, associated with the lateral cerebral fissure. \\ lien air has been 
introduced into the subarachnoid spaces, these cisterns show as shadows in x-ray 
photographs of the head. Changes from normal in their size and shape seen in 
such photographs give information concerning pathologic changes within the 
cranium. 

The arachnoid mill are small lulls of arachnoid which project into the 
venous sinuses, chiefly into the superior sagittal sinus, and which carry with 
them a prolongation of the subarachnoid space (Fig. 01). Through these villi 
cerebrospinal fluid can filler into the venous sinuses and join the blood stream. 

Peri vascular spaces (Virchow-Robin spaces) surround the blood vessels as 
they enter the brain substance (Fig. G c 2 ). 1 he inner wall of such a space is formed 
by a prolongation of a membrane like the arachnoid, the outer wall is continuous 
with the pia, and the intervening channel opens into the subarachnoid space. 
Along those perivascular spaces tissue fluids can pass slow 1 \ to the surface to 
join the cerebrospinal fluid. Deep within the nervous tissue the perivascular 
spaces lie within the adventitia of the blood vessels and extend as far as the 
transition of arterioles and venules to capillaries. It is thought that the peri- 
capillary and porineuronal spaces arc artifacts. India ink particles in tne cere¬ 
brospinal fluid penetrate perivascular spaces to small vessels but do not enter 
the “perineural space" (Brierlev, 1950). Studies with the electron microscope 
confirm the belief that there is no porineuronal space or perivascular space 
about capillaries, though these structures are nearly surrounded by the peri¬ 
vascular feel of astrocytes which may have given the appearance of spaces 
(Alaynard, Schultz and IVase, 1957). Along the capillaries there is a glial limit- 
in 0- membrane, which with the endothelium forms the hemocnccphahc barrier. 

The term homoenocphalic barrier refers to a conception rather than a con¬ 
stant anatomical structure, for the separation of the blood from the parenchyma 
of any organ is primarily and simply endothelium, though additional structures 
max’ bo applied to this and perhaps modify llu* diffusion process between blood 
and the intercellular fluid. 1 Ins barrier varies widely m histological structure, 
from the columnar epithelium ot the chorioid plexus plus the endothelium of 
capillaries to the endothelium alone. It is permeable to various substances. but 
to some of them apparently in only one direction (Rodriguez-lVralta, 1957). 
It is of interest that in fish, amphibians and reptiles tin* perivascular spaces com¬ 
municate direct I v with the ventricles, but this is not so in birds and mammals. 
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r rii<* chorioid plexuses and ventricles of the brain should bo considered along 
will) tin* meninges because of llieir close relationship lo the cerebrospinal fluid 
which fills the ventricles and I he subarachnoid space. Tin* chorioid plexuses (Hg. 
04) are tufts of capillaries covered by a simple columnar epithelium, derived 
from the ependyma, which are suspended from the roof ot the third and fourth 
ventricles and the walls of the lateral ventricles. I he ependymal epithelium 
represents the total wall of tin* neural lube at this point. The epithelium, a 
small amount of connective tissue, and the endothelium of the capillaries con¬ 
stitute a barrier interposed between the blood stream and the cerebrospinal 



Fiona-; (!f. Innervation of the chorioid plexus, 
of knobbed fibers surrounded by connective tissues; 
lies close to the base of the epithelium. 



J 

(Clark.) To the left is a typical tangled skein 
to the ritflit is a simply branching fiber which 


fluid. (For the chorioid plexuses of the lateral ventricles, see p. 70. Figs. 42, 58. 
221-228; the chorioid plexus of the third ventricle, p. 41), Figs. 40, 42; and that 
of the fourth ventricle, ]). 88, Fig. 84.) 

The cerebrospinal fluid is a clear watery fluid of low specific gravity. Being 
separated by a scmipermeable membranous barrier from the blood stream, it is 
in osmotic balance with the blood. The cerebrospinal fluid contains more dissolved 
electrolytes than the blood, bnl is low in protein (15-45 mg. per 100 cc.) ; it has 
less than 5 cells per cubic millimeter and a pressure of 70-180 mm. of water and 
50—100 mg. of glucose per 100 cc. The barrier between the blood and cerebro¬ 
spinal fluid varies in different regions. Aside from the endothelium of the blood 
vessels, there is the ependymal simple columnar epithelium covering the chorioid 
plexuses and tin* regular ependymal lining of the ventricles of the brain: there 
is the thin wall of the arachnoidal granulations invnginatcd into the dural 
sinuses; and there is the ultimate extension of the perivascular spaces in the 
Mibstancc of the central nervous svslem. 
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The source of tlie cerebrospinal fluid is commonly said lo be llie ehorioid 
plexuses, and it has been observed to accumulate in drops on exposed plexuses 
(Cushing. 1914). Furthermore Dandy (1919) was able to show that plugging 
one interventricular foramen resulted in a unilateral internal hydrocephalus, 
while the hydrocephalus did not occur if the ehorioid plexus of the plugged ven¬ 
tricle had been previously removed. 

While these and other facts indicate that cerebrospinal fluid is produced 
through the ehorioid plexuses, there is evidence that it can also accumulate 
through other regions of the barrier between blood and the fluid. Much discus¬ 
sion has arisen as to whether the fluid is a product of secretion or dialysis. 'There 
are no new substances formed by the ehorioid plexuses and put into the fluid. 
Histologic studies of the columnar cells covering the ehorioid plexus do not give 
definite evidence of secretory activity, but experiments with demonstrable 
diffusible substances show that the cells allow passage of substances from blood 
stream to ventricular space and in the reverse direction. However, cells of 
ehorioid plexuses grown in tissue culture showed granules in the cytoplasm, and 
globular swellings along the surface were pinched off in the manner of cells 
secreting by the apocrine method. There are onlv slight traces of alkaline 
ph osphatase in the epithelium of the ehorioid plexus and relatively little in the 
endothelium of the capillaries within it. Some acid phosphatase is demonstrable 
in the chorioidal epithelium and a few basophilic granules which appear to be 
ribonucleoprotein occur. In the cells of the meninges lining the subarachnoid 
spaces there is little evidence of the presence of phosphatase (Wisloeki and 
Dempsey, 1948). Nerve endings in the ehorioid plexuses are suggestive of a 
sensory rather than secretory function (Fig. (i4). 

Though a considerable quantity of cerebrospinal fluid can be drained off 
from an opening in the subarachnoid space within a day s time, it appears that 
this is a result of altered pressure relationships. The usual description of a 
“direction of flow" of the cerebrospinal fluid is not to be taken as evidence of a 
constant rate of production. As Becld (EDO) observed, the* changes in pressure 
and outflow of the fluid are related to the alterations in the venous and arterial 
pressures within the cranium. Obstruction of the interventricular foramina, 
cerebral aqueduct, or apertures of the fourth ventricle results in an accumula¬ 
tion of the fluid behind the block and the development of hydrocephalus. 

Arteries of the Brain. *Thc brain receives its blood supply through the ver¬ 
tebral and internal carotid arteries. The two vertebral arteries enter the cranial 
cavity through the foramen magnum, run rostrally and toward the median plane 
along the ventral surface of the medulla oblongata, and unite at the lower border 
of the pons to form the basilar artery (Fig. (15). The chief branch of the vertebral 
artery within the* cranium is the posterior inferior eerebellar artery, which winds 
around the medulla oblongata to the inferior surface of the cerebellum. This 
branch is of clinical importance because it supplies tin* lateral portion of the 
medulla oblongata. Thrombosis of this artery gives rise to a well defined symp¬ 
tom complex (see Chapter XXI, Case 8). v 

The basilar artery is formed by the junction of the two vertebral arteries at 
the lower border of the pons and ends at the upper border of the pons by divid- 
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ing into [he two posterior cerebral 
gives oil* the following branches: 
internal auditory arteries , several 


arteries. In addition to those* just named, it 
two anterior inferior cerebellar arteries, two 
pontile branches, and two superior cerebellar 


arteries. 

The posterior cerebral arteries formed by the bifurcation of the basilar artery 
run dorsalward around the cerebral peduncles close to the upper border of the 
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Fiee kb (>.». Arteries at the base o! the brain. 


pons and parallel to tin* superior cerebellar arteries (Figs. Go, G8). Facli posterior 
cerebral artery is continued back along the medial surface of (he corresponding 
cerebral hemisphere beneath the splenium of the corpus callosum toward the 
occipital pole* (Fig. 07). It supplies the medial surface of the occipital and the 
inferior surface ol the temporal lobes ol the cerebral hemisphere. 1 he teimmal 
branches wind around the borders ol the hemisphere and can be seen on the 
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lateral surface. A comparison of Figs. GG and G? with Fig. 259 will show that 
the posterior cerebral artery supplies practically all of the visual cortex. 

The internal carotid arterij passes through the carotid canal in the base of 
the skull and enters the cranial cavity through the foramen lacerum. After a 


Anterior cerebral art. 



bral art. 


Posterior cerebral art. 

Figure 66. Arteries on the lateral surface of the cerebral hemisphere 



Posterior cerebral art. 
A nterior cerebral art. 


Middle cerebral art. 
Figure 67. Arteries on the medial surface of the cerebral hemisphere. 


tortuous course along the lateral wall of the cavernous sinus, within which it 
gives off an inferior hypophyseal artery to the posterior lobe of the hypophysis, 
it reaches the brain near the medial side of the temporal lobe and divides close 
to the anterior perforated substance into its two terminal branches, the middle 
and anterior cerebral arteries. In addition to the terminal rami, other branches 
arise from this part of the internal carotid artery. The posterior com munieating 
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artery joins the inlernal carotid will) the posterior cerebral artery. I ho eh annul a! 
artery runs backward and laterally to the chorioid fissure through which it 
reaches the chorioid plexus of the lateral ventricle, with branches also to the 
eornn aininoms and globus palhdns. 1 In* snp(*rior h\poph\Mal <'ibi\ haws tin 
carotid immediately after it passes through the dura over the cavernous sums. 
This vessel supplies the stalk and anterior lobe of the hypophysis (McConnell. 

1958). . 

XIie middle cerebral artery has been exposed on the loll side of log. ho by the 

removal of part of the temporal lobe. It runs lateralward between the temporal 
and frontal lobes in the stem of the lateral cerebral fissure which separates 
them. Near its origin it gives off several small central or basal branches which 
enter the brain through tin* anterior perforated substance and supply the corpus 
striatum and internal capsule. The majority of the branches from the middle 
cerebral artery ramify m the pia mater on the surface of the cerebral hemisphcie 
and are known as cortical branches. These are distributed to the lateral part of 
tin ventral surface of the frontal lobe, to the insula (Fig. 05), to the upper snr- 
fac<• of the temporal lobe, and to the greater part of the convex doi'solateial 
surface of the hemisphere (Fig. 00 ). A comparison of Fig. 00 with Figs. 254, 259 
and 258, 202 will show that the middle cerebral artery supplies the three cortical 
areas especially concerned with language, the auditory receptive center, and 
the greater portions of the motor projection center and the somesthetic area. 

The anterior cerebral artery , the smaller of the two terminal branches of the 
internal carotid, runs forward and medially to the longitudinal fissure of the 
cerebrum (Fig. 05). Within this fissure it lies upon the medial surface of the 
cerebral hemisphere close* to tin* genu and body of the- coipus callosum. Its 
cortical branches supply the medial surface of the frontal and parietal lobe's 
(Fig. 07). It is joined to its fellow e>f the opposite side by the short anterior 
communicating artery (Fig. 05), which may have a few branches that enter 
the hypothalamic region. 

The arterial circle of U’/ll/s is a ring-shaped anastomosis fen-meal at the base 
of the brain by the* branches of the* basilar and internal carotid arteries. The two 
anterior cerebral arteries are joined together by the anterior cennmunicating 
artery. Fach internal carotid anastomoses with the correspeunling posterior 
cerebral by way of (he posterior communicating. In this way there is formed an 
arterial ring into which there enters on each side the posterior cerebral, posterior 
communicating, internal carotid, anterior cerebral, and anterior communicating 
arteries. The circle surrounds the infundibulum and optic chiasma. This tree 
anastomosis of the cerebral arteries provides for a collateral circulation in case 
one of the tributary vessels is occluded (Fig. (IS). 

"Fhe cortical branches of the eerebral arteries also anastomose, to a slight 
extent, upon tin* surface of the brain; but the anastomosis is not sufficient to 
provide adequate circulation in case a large branch is occluded. Neither do the 
central and basal branches , whieh are given off from the arteries forming the 
circle of Willis and which pierce the brain to ramify in its inferior, anastomose 
sufficiently with each other or with the cortical branches. Although it is some¬ 
times so stated they are not end arteries, but the occlusion of one of these small 
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tcnlul blanches always leads to the degeneration of the region supplied bv it. 
1 he central branches arising from the middle cerebral artery supply the corpus 
stiiatum, internal capsule, and thalamus. A clot in or a hemorrhage from one 
ot these small branches causes serious disability; and they have been called the 
‘‘arteries of cerebral hemorrhage.'* 

To speak of a single lenticulostriate artery is misleading. Several small 
vessels leaving the middle and anterior cerebral arteries and entering the anterior 
perforated substance may be termed striate arteries since they supply the 
striatum (Fig. 08). There is some variation in the source of these since all are 
derived from the middle cerebral in about a third of cases. The more medial 
ones (most often from the anterior cerebral artery) supply the head of the 



I id re 08. J lie circle ol Millis with the slumps ol the carotid arteries turned forward to show 
hianches beneath them. Car. carotid artery. AC. M(\ PC, anterior, middle, and posterior cerebral 
ai teries; C II, chorioid artery: ( . capsular artery which runs to region of the genu of the internal 
capsule, 8, striate arteries entering anterior perlorate substance; li. basilar and l\ vertebral arterv. 

emulate nucleus and part of the putamen, and the rest (from the middle 
cerebral) supply the remaining portion of caudate and putamen, with the 
exception of the recurved portion of the tail of the caudate which is supplied, 
along with adjacent structures, by the chorioidal arterv. The medial se<>- 
ments ot the globus pallidas and at times the lateral segment are supplied 
by the chorioidal artery, which also supplies the hippocampus and the ventral 
part of the posterior limb of the internal capsule. Small vessels from the internal 
carotid supply the genu ot the internal capsule. The chorioidal artery has a 
longer free course in the subarachnoid space than other arteries of similar size 
and so is more subject to damage or thrombosis, which may explain the vul¬ 
nerability of the medial portion of the globus pallidus and the cornu ammonis of 
the hippocampus. 

Venous Drainage. the blood from the “brain drams through veins in the 
pia into venous sinuses, lined with endothelium, situated within the dura mater. 
Much of the blood from the interior of the brain drains through the (/real 
internal cerebral rein which joins the inferior sagittal sinus to form the straight 
sinus (Figs. 00, 09). The latter lies within the dura along the line of attachment 
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of |1k> falx cerebri lo 11 u v lent orimn c*t v rc.*l x *11 i. A1 1 > s t of tin* veins on lln lalti.il 
surface of Hie cerebral hemisphere drain upward into the superior sayiltal sinus 
which is silnaled in the attached margin of tin* falx cerebri, lln* superior 
sagil lal sums commonly (aids by turning 'lightly lo llie light and <*ntc i inj*. lln 
,‘io h L l rails verse sinus, bill it occasionally joins the left transverse sinus or 
bifurcales and joins both transverse sinuses. Where it joins one ot the transverse 
sinuses then* is a dilatation called the confluence of Ihe sinuses. The straight sinus 
forms a similar eonneelion with the opposite transverse sinus and an anastomos¬ 
ing channel connects this junction with the confluence of sinuses across the 
internal occipital protuberance. The two transverse sinuses receive the blood 
from those previously mentioned and conduct it to the right and left internal 
jugular veins. In the first part of its course the transverse sinus runs laleralward 
in the attached margin of the tentorium. In the second part it curves vcnirally 


Posterior terminal vein Transverse caudate vein 



Ficche 69 . Diagram of tlie internal veins of llie cerebrum. (From Mettler: Neuroanatomv, C. V. 

Mosby Co.) 


as the sigmoid sinus and finally passes through the jugular foramen into the 
internal jugular vein. Tn this second part of its course it lies within llie dura 
covering the mastoid portion of the temporal bone and leaves its impression 
on the bom 4 in the form of the sigmoid groove. Because of this close proximity 
to the mastoid, middle ear infections sometimes spread to the transverse sinus. 

The superficial middle cerebral vein drains downward into the cavernous 
sinus, a rather wide irregular space within the dura lateral to the sella turcica 
of the sphenoid hone (Fig. D)4). The two cavernous sinuses are joined together 
by the anterior and posterior intercavernous sinuses (circular sinus). From the 
cavernous sinus the blood is drained downward through the inferior petrosal 
sinus into the internal jugular vein and backward through the superior petrosal 
sinus into the transverse sinus. Emissary veins place the venous sinuses in 
communication with extracranial veins. The most important of these com¬ 
munications arc those 4 formed by the ophthalmic veins with the nasal and 
other superficial veins of the face. Olliers are the mastoid, occipital, and 
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pniiclal emissary veins. It is possible for superficial infections to travel along 
11 R>SC channels and involve the intracranial sinns<‘s. 

Nervous tissue must he plentifully supplied with blood for proper function- 
ino. 1 o supply tlu- brain with oxygen each minute a quantity of blood approxi¬ 
mately equal to the weight of the brain is required. With the body at rest, the 
brain receives about one third of the blood leaving the left ventricle, though it 
iepicscnls only about two per cent ot the body by weight. If the blood flow to 
the head is slopped instantaneously in man. unconsciousness occurs in six or 
seven seconds, and though irreversible changes occur in the brain after a few 
minutes without circulation, 100 seconds without blood supply has been fol¬ 
lowed by recovery of consciousness and no permanent damage' (Rossen. Rabat, 


r 



Fi<;ua; ?<). Arteries from a human brain showing nerve fibers which supple them. (Clark.) 
Xerve fibers as shown with a myelin sheath stain are on the vessel at the left, and with pvridine- 
sdver at the rif-ht. Above and below the latter are nerve fibers of the adjacent brain substance. 
Between tlx* vessel wall and the brain substance above is part of the perivascular space. 


nnd Anderson. 1943). Lowering the temperature of the body allowed several 
periods of occlusion of the cerebral circulation for W to 15 minutes at a lime in 
monkeys with recovery (McMnrray ct ah, 195(i). Young animals withstand 
cerebral anoxia belter than adults (Grenell, 1953). Disturbances of circulation 
may be at the basis ot many diseases of the nervous system the etiology of 
which is still obscure. 


A cubic millimeter of human gray matter of the brain may contain over 1000 
linear millimeters of capillaries. This is less than half the quantity of capillaries 
in striated and cardiac muscle, but three times that of the while matter. 

Vessels of Spinal Cord. The blood supply of the spinal cord, as described 
by Sub and Alexander (1939). is obtained from arteries entering the vertebral 
canal and passing to the cord by way of the nerve roots. They differ in size and 
are derived from intercostal and lumbar arteries. 
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In man the blood supply depends largely upon six to eight anterior radicular 
arteries and approximately the same number of posterior radicular arteries. I he 
largest of these vessels is found in the lumbosacral region, the next m size m the 
cervical. In the thoracic region adequately sized vessels do not enter each seg¬ 
ment and the supply of blood is reinforced from lumbar and cervical regions l>\ 
the anastomosing channels. The anterior radicular arteries unite to form ven- 
trally the anterior spinal artery, which at its upper end receives a supply from 
each vertebral artery and which varies in caliber as it meanders along the pia 



Figchk 71 . Arterial supply of the spinal cord. To the left of the central figure is shown an 
anterior (ventral) view of the low thoracic segments ol the spinal cord, and to the right a posterior 
(dorsal) view, each with arteries injected. The contributing vessels passing to the (interior spinal 
artcri/—A and to the )>osterior sjiinal arteri/—P along the spinal nerve roots vary markedly in 
size. In the middle figure the separate branches ol the anterior spinal artery passing through the 
anterior median fissure to the spinal gray matter are shown. (Alter Herron and Alexandci, modified 
and redrawn.) 


iieur the veulnil median fissure; it is largest in the lumbosacral region, next in 
size in the cervical and smallest in the thoracic region. 1 he posterior radicular 
arteries supply on each side a longitudinally running posterolateral vessel (pos¬ 
terior spinal artery), which connects with a branch of the posterior inferior 
cerebellar or occasionally the vertebral artery. From the anterior spinal artery, 
small branches enter the ventral median sulcus, passing into the cord at its 
deepest portion, with separate sulcal vessels passing to the right and left sides. 
These arteries supply neighboring structures, such as the anterior funiculus, the 
grav matter of the anterior horns, and the base ol the posterior horn about the 
nucleus dorsalis; and they effectively reach much of the lateral funiculus, espe- 











































































































Meninges and Blood \ essels of Central Nervous System 85 


cially the area of the lateral corticospinal tract (Ilerren and Alexander, 1939). 
1 he posterolateral vessels and posterior radicular vessels supply branches to the 
posterior funiculus and posterior horn, which anastomose with the small branches 
from the anterior sulcal arteries. 1 he pia mater between the posterior and 
anterior spinal vessels is supplied with vessels running around the circumference 
ot the cord and from these, arterioles enter the periphery of the white matter. 

1 he veins ot the spinal cord generally resemble in pattern the arterial dis¬ 
tribution, but, as is commonly true of veins, are more variable. The smaller 
venules appear to have single cusped valves at points of junction which can 
prevent backflow (Suh and Alexander, 1939). 

It has been demonstrated experimentally that the more limited blood supply 
of the thoracic region ot the spinal cord makes it subject to damage by vascular 
occlusion of the radicular arteries as with contrast media (Margolis. Tarazi and 
Crimson, 195(f). 

I he blood vessels of the brain and spinal cord, as are those of the pia mater, 
are supplied with innervation (Clark, 1934), very much like blood vessels else¬ 
where (Fig. 70). By observation of pial vessels through a window set in the 
skull it has been shown that these vessels respond to stimulation of their nerve 
supply but their response is affected by the fact that they are in the closed, 
filled skull, and by other devices regulating the blood supply to the brain 
according to its needs (Wolff, 1938). It is interesting that the vessels cannot be 
seen pulsing when viewed through a glass window in the closed skull. The 
arteries of the pia and of the brain substance have plentiful muscle in their 
walls though the veins are without if. Capillaries, though abundant in the 
brain, are absent from the pia mater. 

Cerebral Angiography. With the development of methods of injecting 
radiopaque substances in the blood stream to visualize arteries and veins in 
their normal positions, cerebral angiography has revealed points about the 
blood vessels of the brain that were not clearly shown by dissections (Fig. 
7*2). The fact that the skull is a closed compartment except for the relatively 
small foramina results in differences in position and prominence of certain 
vessels, and in their physiology. Blood passes more rapidly through the intra¬ 
cranial vessels than those in the face and neck. When x-ray pictures are taken 
in a series at intervals of one second following the injection of a solution of 
x-ray opaque substance in the common carotid artery, the branches of the 
internal carotid are revealed in the first picture, those of the external carotid 
a second later. If not more than 10 ec. of contrast medium is used, there follows 
after the visualization of the arteries a period in whieh no vessels are seen as 
the thorotrast is diffusely distributed in capillaries and the smaller arterioles 
and venules. About two seconds after injection the superficial intracranial veins 
show in the film, and after four seconds the deep veins and sinuses appear 
(Figs. 72, 73). 

Arterial System. In the first phase following injection of contrast medium, 
the internal carotid artery after its course in the cavernous sinus shows a curve 
forward and then backward, which caused Moniz to term this region the “carotid 
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siphon." Tho siphon may lx* simple or may have a double curve or a transitional 
form, each condition occurring in about a third ot the cases examined by Moniz 
(Lima, 1950). 

From the carotid siphon three arteries arise, though seem without constancy 
in the films: the ophthalmic artery, which extends anteriorly toward the orbit; 
the chorioid artery, which (extends posteriorly as almost a straight line; and the 



Ficchk 7 l 2 . Ooniposilo diagram showing appearance ol parts oi some intracranial vessels dis¬ 
played l>v intracarotid injection of an x-ray opaque medium. Arteries are shown in solid black, veins 
are* dotted lines. The internal carotid is shown in its tortuous route through the cavernous sinus 
before branching. The posterior cerebral (PC) artery is seen connected with tin* carotid by the 
posterior communicating artery. Just above* this are* the anterior chorioid artery (Cll) extending 
pe>ste*riorlv and the ophthalmic (()) anteriorly. The next three vessels are branches of the middle 
cere*bral artery which is lore*shorte*neel because its course is elirc*(*ted late*rally. / / . postciioi panetal, 
.|C, artery of the* angular gyrus: PT. posterior le*mj)oral. 'Flu* anterior cerebral artery (1C) arches 
abemt the* anterieu* <*nel e»f the corpus callosum. 'Flu* superior sagittal sinus is visible just beneath the 
cranial vault. The* supe*rie>r cere*bral veins are* sinuet lines calleel auaslouiotic (1 .1): one ol these is 
asse>e*iate*< 1 with the* name* of 'Fre.larel (VAT). 'Flu* straight sinus (S) shows its eontimmus line with 
the inferior sagittal sinus ami the* great cerebral vein (of Galen. G) entering it. Below the straight 
sinus is sren L1 i< fc tnmsvorsr sinus. 


posterior communicating, which connects with the posterior cerebral in such a 
way as to make an apparently continuous vessel. I he posterior cerebral artery, 
though a branch of the basilar, arises onlogenetically with the internal carotid 
system, and receives its nerve supply via the internal carotid. It is not usually 
demonstrated with carotid injection. Injection ol vessels in the posterior tossa 
shows the basilar artery to be vertical in position. 

The terminal branches of tin* carotid siphon are the middle cerebral (Sylvian) 
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<ind the anterior cerebral. Arising from the middle cerebral arlery can lx* seen 
the posterior temporal, posterior parietal, and the artery to the angular gyrus 
extending along the lateral fissure (of Sylvius) as the source of supply to 
adjacent aieas. In only about one fifth of the* cases does the middle cerebral 
artery extend a long way without dividing. From its subdivisions ascending 
nitciics supple the parietal and the frontal lobe, those* in front of the motor area 
often resembling a branched candelabra: descending branches supply the 
temporal lobe. 

I he anterior cerebral artery passes toward the medial surface of the hemi¬ 
sphere, joining its fellow of the opposite side through the anterior eommunicat- 



op;i<pi<* suspension. IC. inlernnl carotid artery (cross-handed): .1, anterior cerebral artery (outlined) ; 
/\ posterior cerebral artery (cross-handed) ; M, middle cerebral artery (solid black). In the lateral 
view posteriorly (shown in cross handing with no outline) are seen the transverse sinus and sigmoid 
sinus extending downward into the internal jugular vein, J\ . 


ing artery, and turns backward over the superior surface of the corpus callosum, 
where it usually divides into the eallosomarginal and the pericallosal arteries. 
The latter marks the curve of the corpus callosum, gives off a sizable branch to 
the paracentral lobule, and extends to the splenium where it breaks up. 

The anterior cerebral artery gives off central branches in the region of the 
anterior perforate space, which supply the anterior part of the caudate and lenti- 
form nuclei and internal capsule, and. as it passes back over the corpus callosum, 
gives off collaterals to the medial aspect and superior margin of the hemispheres, 
thus supplying a significant part of the Tnotor and sensory areas. 

V r:\ors System. In films showing the first phase of filling of superficial 
veins are seen several veins ascending to the superior sagittal sinus and others 
descending toward the lateral and cavernous sinuses. Two vessels are usually 
notable. The superior anastomotic vein (vein of Trolard) extends to the 
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superior sagittal sinus anterior to or nl llie vertex: this vessel may or may not 
be in communication with a more posterior, horizontally placed vein which 
extends to the lateral sinus, and which is known as the vein of Labbe though 
this term is somewhat loosely used to indicate one or more veins in this region: it 
is typical in only about half the cases. A Kolandic vein in the region of the 
central sulcus is seen frequently hut not always. Descending veins of the super¬ 
ficial group extend to the lateral, cavernous, and petrosal sinuses, and to the 
sinus confluens. 

In the second phase of venous filling the dural sinuses are constantly seen, 
as well as the great vein of Galen with its tributaries. An interesting observation 
can be made that the inferior sagittal sinus and the straight sinus extend in a 
continuous smooth curve, the straight sinus lying nearly vertically (about /0 
degrees) instead of bending like a sickle as usually depicted from dissections 
(Fig. GO). In certain pathologic conditions the normal pattern of the blood vessels 


is altered sufficiently to be displayed by angiography. 

Bald (1050) has described a system of venous cavernous spaces within the 
dura surrounding the straight sinus, the confluence of sinuses, and the posterior 
part of the superior sagittal sinus which when engorged would appear to restrict 
the outflow of venous blood from the brain. Such a mechanism correlated with 
that of the carotid sinus and other controlling devices would aid in regulating 
the intracranial blood supply and pressure. 


C II A PTE R I V 


Histogenesis of the Nervous System 


I he way in which the brain and spinal cord are constructed of neurons is made 
clearer by studying the development ot these from the early neural tube stage. 
It should be kept in mind that the cells of the neural tube are laid down accord¬ 
ing to a definite hereditary pattern for each species, and it is to be expected 
that adequate quantities of mature nerve cells develop from the primitive ones 
to make the large masses of nervous tissue possessed by the adult. Furthermore 
the connections made by the growth ot processes between distant collections 
of neurons are determined on a hereditary specific basis; but the active growth 
of these processes over any appreciable distance is subject to the hazards of 
the terrain. Growing like vines on a trellis, they exhibit stercotropism, following 
tlie fiber pattern or blood vessels in the region entered. Thus there is some 
variation in the connections of a pathway as between individuals, which may be 
reflected in functional differences. 

Early Stages in the Differentiation of the Neural Tube. The nervous sys¬ 
tem, including cerebrospinal and sympathetic nerves and their associated ganglia 
as well as the brain and spinal cord, is of ectodermal origin. At first the neural 
plate consists of a single layer of ectodermal cells (Fig. 74, A). These cells pro¬ 
liferate and at the time of closure of the neural tube several layers of nuclei 
can be seen, but each belongs to a cell reaching the inner and outer margins of 
the tube. In poorly fixed material the cell boundaries are indistinct. Terminal 
bars occur between the ends of the cells which line the cavity of the neural tube 
and the whole presents the appearance of a pseudostratified columnar epithelium 
(Fig. 74). Nuclei of cells undergoing mitosis migrate to a zone nearest the tubular 
lumen (Sauer. 1935). As proliferation continues the wall of the tube becomes 
thicker, the component cells begin to differentiate into both supporting cells and 
primitive nerve cells, and three zones may be distinguished: (1) An internal 
ependymal layer, which persists as the Iinjng of the cavities of brain and spinal 
cord; (2) a middle mantle layer containing many cells which becomes the gray 
matter of the brain and cord; and (3) the outer marginal layer . which in the 
cord is the future white matter, but has not so conspicuous a role in the brain. 

Golgi preparations of the developing neural tube reveal that some of the 
cells have long processes and extend between the inner and outer margins of the 
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lu 1) 11 Inr wall (Idg. 75). These an* priniitirc spoiujiobla.sls and those whose cell 
bodies remain in llu* ependymal layer develop into llie ependymal cells which 
line lhe brain ventricles and llu* central canal ot tin* spinal cord. Otlieis, all(i 
losing their attachment to the internal margin and. later, in most instances also 
their attachment to the external margin, are transformed into neuroglia cells, 
the supporting elements ot the nervous system. I^ven m the adult sonn 
ependymal cells in the region of the anterior median fissure ol the spinal cord 


Marginal layer Mantle layer Ependymal layer 




Germinal 

cell 


Marginal layer Ependymal layer 




Fira'KK 71. Farly stages in Ihe differentinlion of llie neural tube: A, From a rabbit embryo 
before closure of neural lube; li, from a •> mm. pig embryo alter closure ol tube; (Hardesty, l’reiiliss- 
AreyJ (', neural plate of a chick embryo showing columnar shape of cells except when undergoing 
mitosis, and Ihe terminal bars between adjacent cells; l), neural tube (one side) Irom a load fish 
embryo showing independence of cells; E , alar plate of neural lube of a 10 mm. pig embryo showing 
columnar shape of cells, terminal bars, and mitoses near the lumen (C\ /). and E Irom r. C. Sauer, 
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(Fig. 97) retain their superficial attachments, as do also the suhpial neuroglia 
eells. Within the mantle layer, spongioblasts, ncnrohlasts, and indifferent cells 
fill the spaces hot ween the primitive spongiul, lasts. Later the ncnrohlasts develop 
into neurons and the spongioblasts into neuroglia. The chart below shows the 
lineage ot the cells derived from the medullary epithelium, including neurons, 
ependymal cells, and the different types of neuroglia (protoplasmic astrocytes, 
fibrillary astrocytes, and oligodendroglia). Mesodermal cells migrate into the 


F P 



Figure ?.>. Xonroo-li;, i„ tlit spinal cord of a ten weeks' tinman fetus: K. Central earnd into which 
processes from ependymal cells project: F.P., floor plate. (Cajal. Arey.) 

central nervous system at about the time of birth and give rise to an additional 
element of the supporting tissue, microglia. 

The Development of the Neuron. A neuron may be defined as a nerve cell 
with all its processes; each is derived from a single neuroblast. The young nerve 
cells, wherever they may be in the neural tube, in the neural crest, nr ectodermal 
placodes, grow in characteristic manner which determines thi' histologic struc¬ 
ture of nervous tissue. The processes sent out by the ncnrohlasts are of two 
types. The primary process, the future asoji. grows away from the nerve cell. 
It is this sprout which forms the highly specialized axon (Fig. ?(>); the others 
developing later become dendrites, sometimes referred to as the protoplasmic 
extensions of the cell bodv. 
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Tile met hod of growlli ol 11 1 <* axon has boon examined earelullv b\ Fajal m 
fixed, stained preparalions, by Harrison and 11is .'■dudenls in tissue (ultiius 
(Weiss, 1!) +;>), and by Spoidol (1!W5) as llie normal living nerve liber in the 
tadpole's lail. All snoli obsorvalions servo lo impress llie principles of growth 
of young axons, which, incidentally, arc* the* same as the principles ol giowtli 
of axons regencral ing afler injury. Each new’ly growing nerve fiber boars upon 
its end an ameboid lip which projects small, searching psendopodia into the 
m torsi ices of the l issue* through which llie fiber is growing, and, while the gc ncial 
direction of growth is determined by other circumstances, the* path of the indi\ icl- 
nal fiber is inflneneecl greatly by the terrain. As each ameboid lip moves along 




B 


Fiorin: 7<». 1 )ifVeientialion and growth of human ncuroblasts. A, Drawings from transverse sec¬ 

tions of the spinal cord of a d mm. embryo (on the left) and a .*> mm. embryo (on the right). (Arcy.) 
B, Ncuroblasts with enlarged growing lips. (Cajnl. A rev.) 


spinning ils liber behind it, it exhibits slcroolropism, that is. the growing tip 
finds ils way along by following previously laid down blood vessels, nerve fibers, 
or even conneelive tissue bundles. Once a lev’ nerve fibers have traversed a 
region, many others may follow along these to form a nerve bundle. In the case 
of embryonic tissues where a certain orderliness prevails, the path of the nerve 
bundle will be reasonably straight, though obstacles such as blood vessels and 
supporting elements can cause temporary or permanent deviation. In the rc- 
orow’lh of a cut nerve through sear tissue the path may be quite devious. 

The primary processes, or axons, of the ncuroblasts of the neural tube (Fig. 
7(>) grow' into the marginal layer, within which they may turn and run up or 
dow'ii parallel to the long axis of the neural tube as association fibers; or they 
nuiv nin out of the neural lube in a ventrolateral direction as motor axons. In 
this way the motor fibers of the cerebrospinal nerves are laid down, each being 
lhe primary process which has grown out from a neuroblast in the basal plate 
of the neural lube. 
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Cell Lineage in the Centhal Neuvocs System 
Medullary Epithelium 



Development of Afferent Neurons. Tlu* sensory or afferent fibers of the 
spinal nerves take origin from neuroblasls which with few exceptions are from 
tile beginning outside the neural tube, i hese neuroblasts are derived from the 
neural crest, a longitudinal ridge of ectodermal cells at the margin of the neural 
groove, when' this becomes continuous with the superficial ectoderm. At fiist 
m contact with the dorsal surface of the neural tube, the neural crest soon 
separates from it and comes to form a band of cells lying in the angle between 
it and the superficial ectoderm (Fig. P>). Enlargements develop at intervals 
along this band due to the uneven proliferation of its cells and become the 
sensory ganglia. From neuroblasts located in these ganglia arise the sensory 
fibers of the cerebrospinal nerves. 

Some exceptions to this general rule need to be mentioned. The fibers of the olfactory nerve 
arise Irom cells in the olfactory mucous membrane. The fibers of the mesencephalic root of the 
trigeminal nerve, which in all probability are sensory, arise from cells located within the mesen¬ 
cephalon. The optic nerve is also an exception, but this is morphologically a fiber tract of the 
brain and not a true nerve. An ingenious theory, advanced by Schulte and Tihiey (]<)1.>). attempts 
to bring this mesencephalic root and the optic nerve into ’more obvious relation with the other 
sensory nerves. 1 hey assume that the part of the neural crest which lies rostral to the an Inge of the 
semilunar ganglion fails to separate from the neural tube. From this part of the neural crest Ti-elained 
within the brain, they would derive the mesencephalic nucleus of the trigeminal nerve and the optic 
vesicles. 

On the other hand, there are observations which show that some of the cranial sensory ganglia 
are derived in part from other sources than the neural crest. Landaere (1910) observed thaTinanv 
ol the sensory ganglion cells of the seventh, ninth, and tenth nerves are derived from thickened 
patches ol the superficial ectoderm, known as placodes, with which the ganglia of these nerves 
come in contact at an early stage in their embryonic development. It has been demonstrated, at 
least in lower forms, that the visceral afferent neurons of the seventh, ninth, and tenth nerves are 
derived from cells of the epibranehial placodes, while the general somatic afferent fibers are derived 
from neural crest cells. However, such neural crest cells probably migrate from a more caudal 
source, the neural crest of the posterior medullary region entering into the formation of satellite 
cells, sheath cells and even cartilage (Yntema. 19-14)* 

There is an interrelationship in their development and growth between the 
neurons and the peripheral field or structures with which they are connected. 
Removal of the field supplied in the young embryo results in diminution of the 
number and size of the nerve cells in centers and ganglia related to the fields. 
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Furthermore. I lie cytoplasmic differentiation within tin* nerve cells Hint would 
Imve supplied (Ik* lost structures is afleelcd (Barron and Moltcl, 1!)-3I). 

The ncurohlasts of the cerebrospinal ganglia Become bipolar through the 
development of a primary process at either end (hig. '77). Originally Bipolai, a 
majority of these sensory neurons in the mammal Become unipolar through the 
fusion of the two primary processes for some distance into a single main stem. 
Beyond the point of fusion this divides like a T into two primary Branches, one 
of which is directed centrally, the other peripherally. The centrally directed 
Branch grows into the neural tube as a sensory root fiber, the other grows 


Figure 77. 



A section of a spinal ganglion from a lt mm. Ictus, showing stages in the translormation 
of bipolar neurons. .I, into unipolar neurons, B, (jolgi method. (Cajal.) 


peripherally as an afferent fiber of a cerebrospinal nerve (Tig. /0, .i). Some 
ectodermal cells, derived like the ganglion cells trom the neural crest, foi m 
capsules surrounding these ganglion cells. It should be noted that the cells of 
the sensory ganglia of the acoustic nerve remain bipolar throughout lift'. 

Nerve Fiber Sheaths. So far we have dealt only with the origin of the 
axis cylinders of the nerve fibers. But these soon Become surrounded by pro¬ 
tective sheaIhs which art* also ectodermal in origin. In tin* path of the outgrow¬ 
ing axons there an* seen numerous spindle-shaped ectodermal cells which ha\e 
migrated from tin* neural lube and neural crest along the course of the ventral 
and dorsal roots. \ 1 1 esc cells lorm such a prominent feature in a developing 
nerve that it was once thought that the axons differentiate in situ from them. 
This theory, which gives to eaeli axon a multicellular origin, has been known 
as the* (‘('II chain h jj polhcsis. There are good reasons, however, for believing that 
each axon arises as an outgrowth from a single cell or ucuroblast. I his idea, 
which is in keeping with what is known of the structure and function of the 
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neuron and which forms mi integral part of Uu* now generally accepted neuron 
theory, was first developed in the embryologic publications of 11 is. Convincing 
experimental evidence has been furnished by Harrison (19(H), 1995). Using 
amphibian larvae, this author showed that if the neural crest and tube are 
removed no peripheral nerves develop, lie further showed that neuroblasts eulti- 
valed in lymph will give rise to long axons in the course of a few hours. The 
ectodermal cells, mentioned above, which are found along the course of the 
developing nerve, take an important part in the differentiation of the fibers. 
From them is derived the nucleated sheath or neurilemma of the peripheral 
nerve fiber. The myelin sheath, a lipoid covering often of some thickness, has 
been shown to develop around axis cylinders under the influence of the nenri- 
Icmmal cells. Such interdependence between axis cylinder and neurilemma has 
been observed m living fibers by Spcidel in the tadpole's tail, and in tissue 

cultures of spinal ganglia of chicks (Peterson and Murrav, 1955). 

Development of the Spinal Nerves. We have traced the development of 
the chief elements entering into the formation of the cerebrospinal nerves, and 
shall now see how these are combined in a typical spinal nerve. The spinal 
ganglion, derived from the neural crest, contains bipolar neuroblasts, which are 
transformed into unipolar neurons. The axons of such a nerve cell divides into 

a central branch, running through the dorsal root into the spinal cord, and a 

peripheral branch, running distall.v through the nerve to reach the skin or other 
sensitive portion of the body. Mingled with these afferent fibers in the spinal 
nerves are efferent axons which have grown out from neuroblasts in the basal 
plate of the spinal cord, through the ventral root, and are distributed by way 
of the spinal nerve to muscles. 

The sympathetic ganglia consists of cells of ectoderm,• il origin, derived like 
the cells of the neurilemma sheaths from the neural crest. 

The exact origin of the cells which are found along the course of the developing nerves and m ve 
rise to the neurilemma sheaths, and of those which form the sympathetic gnnglim lms been in 
dispute. It has been stated that some of both types migrate from the neural crests along the dorsal 
roots and that at a slightly later stage others come from the neural tube along the ventral roots. 
(Kant/,, ITH; Hay buck. l!).>(p. According to Cowgill and Windlc (li)h>) the cranial auto¬ 
nomic ganglia in the eat are-derived from the neural crest cells associated with cranial nerves ., ? 
and !) and rucuiw no contribution from the neural lube. 

Carefully controlled operative experiments in chick embryos show that the cells of the auto 
no,me ganglia in all regions of the sympathetic trunk and the sacral parasympathetic gamdia are 
derived rom the neural crest in the respective regions of the body and do not arise from the neural 
tube. Similarly, the intrinsic visceral ganglia of the thorax and abdomen are derived from neural 
crest near tin- ongm of the vagus nerve. The experiments establishing these points ami the literature 
can be traced through the papers ol Mitemsi and Hammond (l!)f.p. | Additional data 

in support of this interpretation are given by Xawar (]<).>(»), 

Supporting cells oilier limn those of mesodermal origin found in the ganglia 
of autonomic and dorsal root ganglia are derived from the neural crest anil 
possibly neural tube. They constitute shSUh cells, capsular cells, and others 
resembling oligodendroglia (Brizzcc. 1949). 

The spinal cord of a *20 mm. human embryo presents well-defined ependy¬ 
mal. marginal, and mantle layers. Figure 78 should be compared with the 
appearance presented by a cross-section of the spinal cord in the adult (Fm 
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1 c> ( ; The ni autl ( ’ layer willi its ninny nuclei differentiates into tin* {/ray mailer 
of the spinal cord, which contains the nerve cells and their dendritic processes. 
The maryiual layer develops into the while substance as a result ot the i>io\\lh 
into it of the axons from nenroblasts located within the mantle layer. 1 hese loon 
association libers which ascend or descend through the marginal layer and serve 
to connect one level of the neural tube with another. It is not until these longi¬ 
tudinally coursing axons develop myelin sheaths that the white substance 
acquires its eharaeteristis coloration. 

The cavity of the neural tube is relatively large, and at the point marked 
“neural eavitv” in Fig. 78 a groove is visible. This is the sulcus 1 ini i I an s. It 


Roof plate 


Dorsal funiculus 



Fi<a mo 78. Transverse section of the spinal cord of a '20 nun. human embryo. (Prentiss-Arey.) 

separates the dorsal or alar plate from the ventral or basal plate. 1 he mantle 
laver of the alar plate develops into the dorsal pray column which, like the other 
parts developed from this plate, is afferent in function. The afferent fibers, grow¬ 
ing into the spinal cord troni the spinal ganglia, terminate in this dorsal column 
or ascend in tin* posterior part of the marginal zone to nuclei derived from the 
alar plate in the* myclencephalon. A1 ost ot the association fibers which run in 
the marginal layer have grown out from neuroblasts located in the dorsal 
column. The mantle layer of tin* basal plate gives rise to the ventral pray column. 
From nenroblasts in this region grow out the motor fibers ot the ventral roots 
and spinal nerves. 

'The spinal cord remains tubular in form, and the relationship ol the parts 
developed from the alar and basal laminae can be distinguished in the com¬ 
pletely developed cord. The position ot the sulcus limilans can be traced as tar 
forward as the dienecphalon, and segregation ot allerent neurons respectively 
dorsal and ventral to it is apparent in the brain stem. But with the development 
of the cranial nerves connected with the special sense's and the motor side ot the 
mechanisms for feeding, respiration, vocalization, and eye control, and with the 
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acquisition of (lie largo suprascgmcntal sfriicfnros at the cranial end of the 
neural tube, the relative simplicity of tile tubular pattern becomes obscured. 

In the study of behavior, boll, prenatal and postnatal, many correlations 
with the appearance of neuronal structures and the histology of centers have 
b(<n made. I In elements of the various reflex arcs appear histologically at limes 
111 which the integrity of the reflex can be demonstrated physiologically. The 
complexity of both movement and central nervous system histology increases 
simultaneously. Windlc. studying the* cat. pointed out that at about four weeks 
of age the kitten's movements change from a slow clumsy waddling gait to the 
graceful, playful, rapid, agile manner characteristic of the species, and the com¬ 
plexity of the central nervous system neuropil likewise increases rapidly. Ilis 
study ol human prenatal behavior has been carefully reviewed by Hooker ( 1952 ) 
ami compared with data from amphibia by Coghiil and others, and birds and 
mammals by Windlc and others. Hooker reviews the divergent points of view 
that have arisen concerning the pattern of appearance of mass movements and 
of individual reflexes. The researches of Coghiil and others developed the con¬ 
cept that behavior starts as a total pattern out of which more or less specific 
reflexes appear. Windlc ( 1940 ) has supported the concept that local reflexes 
appear individually as local responses in the fetus during development and 
later are brought together into more generalized movements. 

This study extends naturally into that of postnatal behavior so completely 
observed m the human infant (Gcsell and Amatruda. 1945) and to the differences 
m the behavior of various species described by such terms as instinctive, 
endogenous (Ewer, 1957) and conditioned (Pavloxv. 1940). 
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Neurons and Neuroglia 


In 1 he study of the nervous system the purpose is to discover the underlying 
basis or medianism by which the animal responds to stimuli. There are, of 
course, many directions from which this study could he approached. Although 
it is obvious that the function of the whole nervous system is more than the sum 
of the function of its parts, it is valuable to examine the shape and structure ot 
the elements of which it is composed. From the earliest tunes the brain and 
spinal cord have been considered anatomically and the parts thereof named and 
described, but not until the development of the microscope and the technical 
methods of staining in the last century was sufficient analysis of the nervous 
system made to allow an interpretation ot it on the basis ot its ultimate units, 
which, it happens, are microscopic. 

It was in 18:58-3!) that Schlcidcn and Schwann, making use of Brown's 
discovery of the nucleus (1831), developed the idea that all living substance was 
composed of separate small nucleated masses of protoplasm which they called 
cells; this was the term Hooke (1 (»(»5) had applied to the empty box-like spaces 
ho had scon with his simple' microscope in thin slices of cork, and which had 
reminded him of the bare rooms of monasteries. Hooke was, of course, dealing 
with the cellulose walls of plant cells from which the protoplasm had dis¬ 
appeared, but the term cell has come to mean the original contents with its 
wonderful attribute's of lile*. 

As students of histology following Schloiden and Schwann went systematic¬ 
ally through the body de'seribing eompemenls e>f tissues, the nervous system 
rcsiste'd interpre'taliem in teTins ot the' e'ell llmory because ot the cennplcx shape 
of its units. Ordinary staining proce'dure\s laih'd to disclose' the processes ot nerve 
cells although they did stain the cell body and nue'leus. The way was preparcel 
for the' study of ue'rvous tissue* by the development of photography, for the 
process of precipitation e>f silvea* salts useel by Daglie'i'iv (1839) was applied te) 
the* nervems system by C.e>lgi (1880) and Cajal to reveal intricate details of 
ne'rve* filers and the* shape's <>1 neairons. As it became* obviems that nerve eclls 
were* shapeel epiite* eliffeicntly from most e»the*r eclls and inclnelcel long extensions 
frenn the* e*e*ll I>e»<Iy the* se>-ea 11e*<I neuron doefnue was leirmulateel, and e‘Xj)resse'el 
b\’ Wahle'yer in 1891 as an application of the cell theory te) nervems tissue. 
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Its chid* tends are as follows: 

1. The neuron is the genetic unit of the nervous system—each neuron being 
derived from a single embryonic cell, the neuroblast. 

c 2. The neuron is the structural unit of the nervous system, a nerve cell with 
all its processes. These cellular units remain anatomically separate, i. e., while 
they come into contact with each other al the synapses there is no continuity 
of their substance. 

o. The neurons are the functional units of the nervous system and the con¬ 
duction pathways are formed of chains of such units. 



Fk.ckk 79. Drawings of reconstructions made by Weil of the bodies of three nerve cells I rum 
the ventral horn of gray matter of the .spinal cord. Note that the eranioeaudal diameter (vertical) is 
greater than the transverse. Only the stumps of the processes are shown. The cells from left to 
right were from cervical, thoracic, and lumbar segments respectively. 


4. The neuron is ajso a trophic unit , as is seen (a) in the degeneration of a 
portion of an axon servered from its cell of origin, (b) in the phenomenon ot 
ehromalolysis or axon reaction, and (e) in the regeneration of the degenerated 
portion of the axon by an outgrowth from that part of tin* axon still in contact 
with its cell of origin. 

5. Neurons are the only elements concerned in the conduction of nerve 
impulses. The nervous system is composed of untold numbers of such units 
linked together in conduction systems. 

It h as been pointed out that each neuron is the product ot a single 
embryonic cell or neuroblast, and that, therefore, the nerve cell with all of its 
processes constitutes a genetic unit. In thr present chapter, as the form and 
internal structure of the neurons and their relation to each other are examined 
it will be seen that they are also the structural and functional units of the 
nervous system. 

Form. There is a wide variation in the shape of nerve cells but all present 
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Kkji'kk 80. A pyramidal cell from the cere¬ 
bral cortex of a mouse: a, Dendrites from the 
base ol the cell; b. white substance of the 
hemisphere into which the axon. <\ can he 
traced; c. collateral from the first part of the 
axon; I, apical dendrite; />. its terminal branches 
near the surface of the cortex. C.ol<>i method. 
(Cajal.) 

the cell body, while an 
its cell of origin in a 


soiik' features in common. About the 
nucleus there is an accumulation of cyto¬ 
plasm which together with the nucleus 
forms what is often called the cell body, 
or perikaryon. From the perikaryon, 
cytoplasmic processes are given off. 
These may be classified in two groups: 
axons and dendrites. 

From «t histologic point of view 
axons and dendrites differ. The dendrites 
have much the same structure as the 
perikaryon while the axons are more 
specialized. From a functional point of 
view it i.s often si it ted that axons con¬ 
duct impulses away from the perikaryon 
and dendrites toward it. Such a gen¬ 
eralization creates a conflict with the 
histologic distinction in some instances, 
as for example, the neurons of the cere¬ 
brospinal ganglia. Furthermore, direct 
stimulation of some dendrites, its the 
apical ones of cortical pyramidal cells 
(Bishop and Clare, 1953), results in con- 
duetion away from the cell body. The 
histological distinction between axons 
and dendrites is therefore the more 
reliable. 

Axons % of which each neuron has one 
and very rarely more than one, are 
usually longer than the dendrites and 
some are very long, measuring as much 
its 3 feet. Either naked or along with 
their enclosing sheaths they are also 
called nerve fibers and constitute the 
bulk of the pathways of the central 
nervous system as well as the various 
nerves. Usually they show a conical 
expansion at their point of attachment 
to the cell body, the cone of origin or 
(Figs. S l 2, S(i)* One or more 
or collaterals mav be given 
right angles to the fiber 
Collaterals arise more com- 
tlian at great distances from 
considerable distance from 
called tclcodcndria. Such 


axon hillock 
side branches 
off, usually ai 
(Fig. SO), 
monly near 
axon terminates usually at 
multitude of fine branches. 
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collaterals extending from llie axons of motor cells in the spinal cord (Fig. 
S4) apparently activate inlermmeial neurons of the adjacent gray matter, 
and these in turn act on other motor neurons, possibly to inhibit them or to 
bring them also into action, depending upon individual connections. Cells 
with long axons are classed in Golgi's Type I. Some cells have short axons 
that branch repeatedly and end in the neighborhood of the cell of origin and 
these belong to Golgi's Type II (Fig. 81). Axons are characterized by their 



Figure 81. Neurons with short axons (Typo II ol Go 1 gi) Ironi the cerebral cortex ol a child: a. 

Axon Golgi method. (Cajal.) 

uniform thickness, smooth contour, small diameter, relative freedom from side 
branches and usually also by their great length. 

Several (lendriles may and usually do arise from a single nerve cell. 1 he 
origin is by a wide base, and near the cell dendrites may be much thicker than 
any axon, but they taper rapidly and form terminal arborizations at no great 
distance from their cell bodies. I ltey are characterized by their repealed branch¬ 
ing. short course, varying caliber, and irregular contour. They are often studded 
with short side branches which give tlieiti-a spiny appearance. The felt work 
formed by the interlacing arborizations of the dendrites of adjacent cells and the 
tclodcndria of axons from far and near form what is called the neuropil (Fig. 
134). 

The external form of the neuron depends on the shape of the perikaryon 
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and on the number, shape, and ramification of the* processes. d< i xmdent upon 
llie number of processes arising from the cell body, a neuron is termed unipolar, 
bipolar, or multipolar. The variety of forms is almost without limit, but a few 
typical examples will give an adequate picture of them. 

The pyramidal cells of the cerebral cortex which are multipolar have the 
shape which the name implies (Fig. 80). One angle of the pyramid, that directed 





loGi’RU Nerve cells stained by ioluidinc blue: A. Motor cell from anterior horn of spinal 

cord ol a monkey (Schuler); ]i , large sensory cell from spinal ganglion of a dog (Clark); C, sensory 
cell Irom the trigeminal mesencephalic nucleus of a dog (Clark); D and E. small sensory cells 
Irom spinal ganglion ol a dog (Clark); /’, motor cell from nucleus of trochlear nerve of a dog 
(Clark); 6, photomicrograph ol cells of spinal ganglion of a cal (\\ indie); //, photomicrograph 
ol cells ol eats spinal ganglion, showing ehromatolysis. (Windlc.) 


toward the surlaee ot the cortex, is prolonged in the form of a long thick branch¬ 
ing process, the apical dendrite. From the other angles and the sides of the 
perikaryon arise* shorter branching dendrites, while Irom the base or from one 
ot the basal dendrites arises a long slender axon which, after giving off collaterals, 
continues on its way to distant parts. 

Another good example of multipolar cells (Fig. 7!), 82, 84, 8b) is furnished 
by the primary molar neuron. 1 his is a large nerve cell with many rather long 
branching dendrites and an axon, which forms the axis cylinder of a motor nerve 
tib(*i and lei inmates by forming motor endings in a muscle. As illustrated in 
this figure, long axons lend to acquire myelin sheaths, and those which run in 
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the cerebrospinal nerves are also covered by a nucleated membranous sheath— 
the neurilemma. 

Examples of unipolar and bipolar cells are found in the cerebrospinal ganglia 
(Figs. 108, 188). These cells, which will he described in more detail in another 
chapter, arc devoid of dendrites. The axon of such a unipolar cell divides dicholo- 
mously into a central and a peripheral branch, each possessing the characteristics 
of an axon. 

It is not uncommon to regard the peripheral branch of a sensory neuron as 
a dendrite, because like the dendrites it conducts nerve impulses toward the coll 
body. But, since it possesses all the morphologic characteristics of an axon, and 
since any axon is able to conduct nerve impulses throughout its length in either 
direction, and since these peripheral branches of the sensory neurons actually 
convey impulses dislally in the phenomenon of antidromic conduction, it seems 
best to consider both central and peripheral branches as divisions of a common 
axonic stem. 

From what has been said it will be apparent that a neuron usually possesses 
several dendrites and a single axon, but some have only one process, which is 
then an axon. It may be added that some neurons have more than one axon. 

Structure of Neurons. Like other cells, a neuron consists of a nucleus sur¬ 
rounded by cytoplasm, and these possess the fundamental characteristics which 
belong to nuceus and cytoplasm everywhere, but each presents certain features 
more or less characteristic of the nerve cell. The nucleus is large and spheric, and, 
because it contains little chromatin, it stains lightly with the basic dyes (Fig. 
82 , A ). It has a large spheric nucleolus , which contains ribosc nucleic acid. 

A nucleolar satellite of small size which contains dcsoxyribosc nucleic acid is 
common in the nuclei of nerve cells, and it has been asserted that sex of the 
animal can be distinguished by it: the satellite in the female being conspicuous, 
and that in the male being small or absent. Although doubt has been expressed 
about this distinction, if proven it would be of great importance to the geneticist. 
This distinction is apparently not found in all orders of animals (Moore and 
Barr, 1958). 

The ci/ioplasm is enclosed in a delicate cell membrane which may be nothing 
more than a surface film of protoplasm, but it has a fair degree of tensile 
strength and is functionally a very important part of the neuron. An exami¬ 
nation of the cell body with appropriate staining methods shows that it possesses 
mitochondria, Golgi apparatus, occasionally pigment and other substances 
found in cadis generally, but has in addition two structures which especially 
characterize the nerve cell, Xissl granules and neurofibrils. 

X i ssl Gkaxules. Iu properly prepared sections Xissl granules appear in 
the cytoplasm as fine basophilic granules which are usually grouped in dense 
clumps. Also known as tigroid masses, or chromatophilic substance, the Xissl 
bodies differ with the type of nerve cell studied (Fig. 82), and they tend to be 
larger in motor than in sensory neurons (Malone, 1918). While they are found 
in the larger dendrites, the axon and its cone origin are usually free from them. 
The material of which these granules is composed appears to be a product of 
the nucleus and is perhaps an iron-containing nucleoprotcin. Where neurons are 
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studied ill sink's of development, the Xissl substance is first seen to appear as 
fine particles Ivmg dost* to tin* nuclear membrane, and it appears to mcieast 
as the nucleolus show’s development (LaVelle, I!).'>(»). It has not been seen in the 
living cell where it is in a slate of solution or uniform suspension and it is 
precipitated in the form of granules by the fixative used in preparing the tissue 
for microscopic study, though it is highly probable that Xissl substance as it 
appears in fixed preparations represents a fixation artifact, similar cells always 



W' I ' * - , h«fc9i* • . 

Figchk 83. A small neuron from the medulla showing a large nucleus with a nucleolus. At the 
right of the nucleus is distinct neuronal cytoplasm with a definite membrane and granular complex of 
ergasloplasm. The clumping of the Nissl material is not seen so clearly in the thin sections ol neurons 
in the medulla as it is in such cells as those of the posterior root ganglion. To the upper right ol the 
neuron is cytoplasm of another neuron which is apparently in contact with the lower one. No nucleus 
is evident. To the left of the neuron is a microglial cell with a dense elongated nucleus. The com¬ 
plexity of the neuropil is evident elsewhere in the micrograph. (Fuse.) 


present similar Xissl pattern after fixation. It has been claimed that Xissl 
granules can be demonstrated in unstained, unfixed material by ultraviolet light, 
but it may be that the precipitation of such grannies occurs at the moment of 
death. Ingvar (1923) was able to throw the Xissl substance to one side of the 
living cell by centrifuging while the neurofibrils remained nearer the center of 
the cell about the nucleus. Moulin (1923) simultaneously killed and stained 
nerve cells wdiile w’alching them under the microscope, and observed first a 
diffuse staining succeeded by the appearance of clumps of basophilic staining 
material as the cell was fixed. Under electron microscopy Xissl substance is 
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composed ot thin laminae with granules about them resembling ergastoplasm 
(Fig. 8. 1 3). 

Morphologically, the pattern oi distribution of Xissl substance varies in different nerve cells. 
Primary motor neurons are characterized by large flaky granules (Jacobsohn) arranged so that 
the long axis ol the granules is parallel to the nearest margin of the cell. Malone pointed out that 
the somatic motor cells have larger granules than the visceral motor ones. On the other hand 
primary sensory neurons have quite a range ol size in their Xissl granules. Those in the cerebro¬ 
spinal ganglia may be classified into four or five groups on the basis of the fineness and distribution 
ol the Xissl substance, and while the most prominent cells in these ganglia are those large ones 
with fine evenly distributed Xissl granules there are at least a small number of others which have 
granules as large as some of the motor cells. It appears to be true then that a uniform stamp of 
Xissl grj mule arrangement is common to certain cells m the cerebrospinal ^an^Tia. These cells 
may be ot diverse (unctions but. perhaps, have a similar degree of specialization in their end 
organs. I hat is, neurons which receive impulses from the highly specialized tactile end organs 
have the same Xissl granule arrangement as those receiving impulses from proprioceptive end 
organs. And those in the 8th cranial nerve concerned with the reception of sound resemble those 
receiving impulses from the equilibratorv apparatus of the internal ear (Clark, 

One oi Ihe chief points of interest about Xissl substance is its capacity to re¬ 
act to injury ot the neuron, for it is by this means that many paths and cell 
groups have been located in the nervous system. When the axon of a nerve cell is 
cut or injured, the cell body usually shows the phenomenon of chromatolysis 
during the week or two following the injury. The changes which occur include the 
gradual “dissolution' of the Xissl substance. At least, so it appears in stained 
sections, tor the grannies tend to disappear or recede to the periphery of the cell, 
leaving a diffusely stained or clear cytoplasm. Ihe nucleus of the cell may be¬ 
come eccentric and show a cap of condensed chromophilic material. Mitochon¬ 
dria of the nerve cell showing chromatolysis increase in number, and may 
double in quantity by Ihe tenth day after axon section (Hartman, 1948). The 
cell begins to show signs of repair after a week or two as the process of regene¬ 
ration of the cut axon goes on, unless the injury was too severe, in which ease the 
neuron may undergo complete destruction. 

While chromalolysis is a recognizable phenomenon when it occurs, it does 
not always tollow injury to axons. The time of the peak reaction after injury 
varies somewhat with the distance of the injury from the cell, and with other 
conditions. 

Better understanding of the Xissl substance in normal and damaged lieu- 
rons has come through the work of Casperson and others who have used micro- 
chemical methods that involve identification of cell proteins by the selective 
absorption by specific proteins of definite spectral bands of ultraviolet light 
(microspectropholometry). Such studies have revealed that the nerve cell in 
functioning normally continues to show protein synthesis like that of cells in 
rapid growth in developmental stages. It is stated that excessive neuronal 
activity, as in muscular work as related to motor nerve cells, or sensory stimu¬ 
lation, as in the effect of a prolonged sound on the neurons of the cochlear 
ganglion, resulted in diminution of the protein content of the cytoplasm to one- 
third its original quantity. Such work promises quantitative support of an idea 
long held that Xissl substance, which is rich in ribosc nucleotides, is continually 
used up in normal function, and must be constantly replaced. 'There have been 
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for years conflicting claims in tlie lit (M«-i I hit concerning the using up of Xissl 
substance in normal function. Quantitalivc studies will be necessary for proof, 
since there is normally as much variation in the Xissl pattern ot similar cells 
in resting animals as that attributed to the effects of function (Liu. Hailey, and 
Win die, 1950). 

Chromatolysis takes on a new interpretation as a result of microspcctro- 
photometrv. Whim the axon is severed normal action of the cell ceases, and the 
content of nucleotides and cytoplasmic proteins diminishes rapidly in the first 
two weeks. Then in the recovery stages as the cell activity returns there is 



Figure SI. A, netirofibrils in a motor cell of tlie spinal cord (Maximow-Bloom). B, Xeurofibrils 
in a nerve cell and synapses formed with it by looped endings of terminal branches of axons or 
boutons terminanx. (Cajal.) 


noticeable increase in the substance of the nucleolus, the function of which is 
correlated with the synthesis of cytoplasmic protein. In the next stage of 
recovery large amounts of cytoplasmic nucleotides collect around the nuclear 
membrane, with a parallel increase in the cytoplasmic masses, and the nerve 
cell is gradually returned to its normal appearance. 

It has been observed that a local constriction of nerve fibers which is main¬ 
tained causes a kind of swelling of the axis cylinder proximal to the narrowing 
as if a flow of fluid were being dammed. Removal of the constriction is followed 
bv movement distalward of the dammed up axoplasm at a slow rate. Such obser¬ 
vations suggest that the perikaryon is the source of a supply of axoplasmic con¬ 
stituents which arc used up in normal function and continuously supplied to the 
length of axon from the cell body (Weiss and Hiscoe, 1948). 

XkukoP inions. 'The nenrofibrils are delicate threads which run through the 
cytoplasm in every direction and extend into the axon and dendrites (Fig. 84). 
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I lie appearance of the fibrillae differs according to the technique employed in 
preparing the tissue for microscopic examination. While in the preparations by 
Bethc's method the fibrils do not appear to branch or anastomose with each 
other, those seen in Cajal preparations divide, and by anastomosing form a true 
network. This network is present in the cell body; but, as the fibrils extend out 
into the processes, they become straight and nm parallel to each other and to 
the long axes of the axons and dendrites in which they lie embedded in a viscous 
matrix. The nenrofibrils can be traced to the terminations of the' dendrites and 
axons. Their function is not known: but since they can be seen in living nerve 
fibres and nerve cells (de Renyi. 19-29: Weiss and Wang, ll)o(i). and in prepara¬ 
tions made by the freezing-drying method (Iloerr, 19.‘>(i), they cannot be regarded 
as artifacts produced by the reagents used in fixing the tissue. 
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inriiK 8.). Basket cell from the cerebellar cortex 
in stipple. Branches of tin' axon of one basket 
method (Cajal). 


of the white rat. The Pnrkinje cells are indi¬ 
cell form svnapes with several Pnrkinje cells. 


Study of fixed axis •cylinders with the electron microscope reveals nodose 
filaments of indefinite* length and 75 to 20()A. in width which appear to be the 
basis of structure, but these are not identical with the much larger structures 
seen at ordinary magnification and termed neurofibrils (Schmitt, 1957). 

Other Contexts of Neurons. Pigment granules are seen in the cytoplasm 
of some nerve cells and are of two kinds. Dark brown or almost black particles of 
melanin are found in tin* cells of certain regions (substantia nigra and locus 
caerulcus). Of a different nature are the yellow or orange colored grannies which 
accumulate in nerve cells with advancing age. There is no reason to suppose 
that this pigment serves any useful purpose; nor does it appear to interfere in 
anv wav with the normal function of the cell. 

I * 

Small spheroids have been described in the. nerve cells of the supraoptic 
and paraventricular nuclei, and even in Pnrkinje cells, which some have inter¬ 
preted on morphologic grounds as evidence of a neurosecretion. Secretion products 
have been traced along the nerve fibers from the hypothalamus to the posterior 
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loix' of tlu* piluilarv (Seharrer, 1944; \ homas, 1951; Smith, 1951; <1 Angelo (4 nl., 
1950; Simnk 1 in (4 al., 1957). 

Ollier structures such as lhe intmml reticular apparatus of Golgi and 
mitochondria arc* present in tin 4 cytoplasm. 

Interrelation of Neurons. In the coelenlerales, as we 1 1 alearned, a single 
nerve cell may receive llic slimnlns and transmit it to the underlying muscle. 
But in vertebrates the transmission of a nerve impulse to an effector requires a 



Fic.chk 8(>. Primary molor neuron (diagram¬ 
matic) : ah, Axon hillock; ax, axon; r, evto- 
plasm; d , dendrites; ///. myelin shcalli; hi'. 
striated muscle; n. nnelens; //'. miel(*olns; nl\. 
node of Hanvier; sf, collateral; .s7, neurilemma; 
cl, motor end-plate. (Barker.) 
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Fioche 87. Myelinated nerve fiber in 1, lon¬ 
gitudinal and II, transverse section (diaprani- 
matic). On one side of the longitudinal section 
the myelin is black as alter osmie acid fixation. 
Elsewliere the protoplasmic net. //, associated 
with the cytoplasm of the neurilemma cells. Sc, 
is shown as it appears after the myelin has been 
dissolved: ax, ax', x, pa, somewhat shrunken 
axis cylinder: SL. Sehmidl-Lantermann cleft: S, 
neurilemma sheath; II, node of Hanvier. (Xemi- 
lofV, Maximow-Bloom.) 
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chain ot at least two neurons, the impulse passing from one neuron to the next 
along the chain. One ot the most important problems in neurology, therefore, is 
this: How are the neurons related to each other so that the impulse may be pro¬ 
pagated from one to the other? I he place when' two neurons come into such 
functional relation is known as a syucipsc. In a synapse the axon of one neuron 
terminates on the cell body or dendrites of another. It is not believed that 
functional connections arc ever established between the dendrites of one neuron 
and the coll body or dendrites ot another. The maimer of termination of axons 
on cell bodies and dendrites of the cells varies in different localities (Figs. 84, 85). 



luce HE 88 . Synapse in medulla of rat. Within the synaptic ending; there are numerous vesicular 
structures as well as mitochondria. In the cytoplasm of the neuron below on which the ending makes 
contact, there are both mitochondria and Nissl material. Note tlie distinct separation of the membrane 
of tlte synaptic ending and tire plasma membrane of the neuron and also tho increased density of 
the membrane at the point of contact. Electron micrograph. X Hi.??•’>. (Lnsc.) 


There is the simple clasping of the nerve cell body by finger-like processes of the 
axon as in the trapezoid body, or the irregular expansions of collaterals meeting 
the cell body, as with the basket cells and their terminations on Pnrkinje cells 
of the cerebellum (Fig. 85) . An incoming axon may break up in terminations 
which mingle with and end upon a tangled skein of dendrites from several cells 
as in autonomic ganglia (Fig. 118). Delicate branches of an axon may end on the 
surface of the cell body or dendrites of another neuron in the form of loops or 
boulous trnninau.v (Figs. 84. 88, 141). Phesc Vrminal loops arc the most common 
synaptic endings in the central nervous system. They vary in concentration and 
number in different parts of the brain (Smythies'et ah. 1957). 

Although it has been maintained from time to time that there is protoplasmic 
continuity between neurons, there is no proof that the processes of one nerve 
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c(>ll arc directly fused with those of others. On the contrary, each neuron appears 
In he a distinct anatomic unit. 1 he most detaded study ol (»olgi and ( ajal 
preparations, in which the finest ramifications of dendrites and axons are stained, 
has failed to demonstrate a structural continuity between neurons. In especially 
favorable material it has been shown that an axon and dendrite, entering into 
the formation of a synapse, are each surrounded by a distinct plasma membrane 
and that there is no direct protoplasmic continuity (Bodian. lt)4*2). I he electron 
microscope has disclosed finer details but the discontinuity is still evident (de 
Robert is and Bennett, 1055: Balay, 1050). There is close approximation of the 
limiting membranes of the presynaptie and postsynaptic neurons, the cleft be¬ 
tween being m the neighborhood of ().() c 2 microns wide. 1 he presynaptie expansion 
contains mitochondria and small vesicles which may be the source ot ncuro- 



Figcrk 81 ). Diagram of a reflex are to illustrate the law of dynamic polarity. The arrows indicate 

the direction of conduction. 


humoral substances. Studies of cholinesterase in the vertebrate brain point to a 
distribution specifically related to synapses (Slum et al., 1055). The conclusion 
that the relation between two neurons at a synapse is oik* of contact but not 
ol continuity of substance, based primarily on histologic evidence, has been 
strongly reinforced by physiologic investigations (Fcclcs, 1057). 

Nerve impulses are propagated across the synapse in one direction only, 
i.c., from the axon to the adjacent cell body or dendrite. As a corollary of this 
it is obvious that impulses must travel within the neuron from perikaryon out 
along the axon, as indicated by the arrow in Fig. 80. This is known as the lair 
(>J dynamic polarity. The polarity, however, may not be dependent upon any¬ 
thing within the neuron itself, but upon something in the nature of the synaptic 
interval or the detailed arrangement of sensory and motor paths, which makes 
possible the propagation of an impulse in one direction only. There are many 
lines ol evidence which show that when once activated a nerve fiber conducts 
equally well in either direction. When a motor fiber bifurcates, sending a branch 
to each ol two separate muscles, stimulation of one branch will cause an impulse 
to ascend to the point ot bit urea t ion, and then descend along the other branch 
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to its motor ending (Fig. SO). 1 liis can often be demonstrated in regenerated 
nerves (Feiss. 19P2), and is an example of antidromic conduction, i. e., con¬ 
duction in the direction reverse to the usual one. It is also illustrated by dorsal 
root vasodilation and by the axon reflex (Bayliss, 191S). 

Synaptic transmission, the propagation of a nerve impulse across a synapse, 
is not thoroughly understood. According to one view the incoming impulse causes 
an excitor substance, acetylcholine, to be liberated by the axonic terminals of 
the first neuron; and this substance excites the second neuron and initiates a 
nerve impulse in it. In contrast to this chemical theory . the electrical theory 
assumes that the second neuron of the synapse is excited by the action current 
potentials generated by the nerve impulse in the axonic terminals of the first 
neuron. In either ease it is clear that the nerve impulse is not transmitted as 
such across the synaptic interval, but that it serves in some way to excite a new 
impulse in the second neuron (Gasser, 1999; Eecles, 1957). 

I liciv are those who support the idea that there is a nenroehemieal mechanism lor transmission 
ol nerve impulses at all synaptic junctions in both central and peripheral parts of the nervous 
system (Loewi. 194.)). The evidence indicates that acetylcholine is released by the nerve endings 
which then acts on the next neuron in the chain but is promptly destroyed by cholinesterase. Such 
a mechanism has been demonstrated with reasonable certainly as occurring at the motor ending 
of skeletal muscle when it is excited by nerve impulses. And it seems fairly certain that the “Renshaw 
cells in the medial portion ol the ventral horn which receive collaterals from axons of the anterior 
horn cells are activated by the release of acetylcholine. This is implied since these same axons of 
anterior horn cells cause the release of acetylcholine at motor end plates on skeletal muscles. It has 
also been found that most postganglionic craniosacral autonomic nerves release acetylcholine at the 
junction with the cflector muscle or gland, while most postganglionic thoracieolumbar autonomic 
fibers release epinephrine. (In a lew instances the situation is reversed.) The terms "cholinergic” 
and adrenergic have been used to distinguish the fibers releasing acetylcholine and epinephrine 
respectively. 


The use ol microcleclrodes bus revealed potential changes in one neuron at 
a time (or its parts) produced by various methods of stimulation, and these 
have been studied with experimental alteration of the local environment. 

From results of this and other types of experiment by many investigators. 
Eecles (1957) postulates that there arc two types of neurons in the central 
nervous system, excitatory and inhibitory, and that each type releases a specific 
transmitter substance at its axonic terminals. 

These in turn affect the ionic permeability of the appropriate subsynaptic 
membrane and there results the passage of specific sets of ions for each type of 
transmitter. (Permeability to all ions is supposed to occur with excitatory sub¬ 
stance and only to small ions as chlorine and potassium, and not to sodium, with 
the inhibitory.) This process elicits the excitatory or inhibitory poslsynaptic 
potential in the next neuron. Such an explanation demands, of course, proper 
specific arrangement of the intermediate neurons. 

Within at least some neurons, differences occur in the type of response to 
stimuli applied to dendrites and cell body. For example, as described by Clare 
and Bishop (1955), when the dendrites of the pyramidal cells of the cerebral 
cortex are stimulated instead of the usual nerve impulse conducted toward the 
perikaryon, in all or none fashion, there is built up a relativelv long lasting 
negative potential in the dendrite with a duration of 15 to l 20 milliseconds, which 
can be added to or maintained by subsequent stimuli. During this period the 
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r('ll body may be aetivalcd through other synaptic connections and tire an 
impnlse along its axon, recover and continue to tire impulses repetitively, aided 
by the existing stale of dendritic negativity. Snell a principle, in which the parts 
of a neuron interact to maintain neural activity, adds to the generally accepted 
pattern of the interaction between neurons and has important implications on 

the function of the entire nervous system. 

Nerve fibers are axons naked or enshealhed. The sheaths which may cover 
them are of two kinds: (1) a lipoid layer called the myelin sheath, which when 
present lies adjacent to the axis cylinder, and ( c 2) a thin tubular covering with 
occasional nuclei. A nerve fiber may have neither, both, or either one of the 
sheaths upon it, so there arc* tour possible types of nci\e fibcis accoiding to the 
sheaths they possess. These may be presented readily by a diagram: 


myelinated fibers- 


-nvith a neurilemma 



unmyelinated fibers- 


without a neurilemma 


The neurilemma characteristically covers those nerve fibers found outside the 
central nervous system (except at some final terminations) and is lacking from 
those within it. Myelin is found on some fibers within and without the central 
nervous system but does not continue to the final terminations of the fibers. It 
is also found covering the bodies of the bipolar nerve cells upon the 8th cranial 
nerve (Fig. 91). The white glistening cerebrospinal nerves and the white matter 
of the brain and spinal cord owe their appearance to the presence of myelin. 

The structure of a myelinated peripheral nerve fiber is shown in Figs. 8(5 and 
87. The axon or axis cylinder is composed of delicate neurofibrils embedded in a 
semi-fluid neuroplasm. It is surrounded by a relatively thick myelin sheath and 
outside this a nucleated membranous neurilemma sheath. The myelin sheath 
consists of a fatty substance, myelin, supported by a reticulum. 1 his net may 
perhaps be derived from the cytoplasm of the neurilemma cells or it may be a 
coagulation product developed during fixation. Thickened parts of the reticulum 
appear to correspond to the narrow clefts (Schmidt-Lantermann) that pass at 
irregular intervals obliquely through the myelin sheath. The highly refractive 
myelin gives to the myelinated fibers a whitish color. This sheath is interrupted 
at regular intervals bv constrictions in the nerve fiber known as the nodes of 
Ranvier. Under electron microscopy the myelin sheath is seen as a series of 
parallel layers (Figs. 90, 91). At the constrictions is a dipping in of the 
neurilemma sheath toward the axon, which runs without interruption through 
the node. The part of a fiber between two nodes is an internodal segment, and 
each such segment possesses a nucleus which is surrounded by a small amount 
of cytoplasm and lies just beneath the neurilemma. In normal nerve fibers inter¬ 
nodal segments are longer in larger than in smaller ones, although in newly 
regenerated fibers they are all about 800 miera in length regardless of caliber 
(Hiscoc, 1947). Flic neurilemma is a thin membranous outer covering for 
the fiber. Each segment of the neurilemma sheath, together with the cell 
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which lies beneath, is the j)ro(luct of a single sheath cell of ectodermal origin. 

1 he myelin is likewise considered to be at least in part the product of the 
activity ol the sheath cell as it is deposited first in the neighborhood of the 
nucleus ot this cell and then along the axon toward the next node of llanvier. 
It has also been pointed out that the axis cylinder has part responsibility in the 


Figure 90 



,~-~C 




f. v 



-2' * a** „ 

- * :> jS?-" * 


- • a 

k V- • V 

v *■* t.xf J 


A 


* - > b. a , t ; v\ ; * as 

* fjjQK ' . .♦ A _ 

« «r v \ v 


A : 



Figure 91 


Figure 90. Peripheral node of Rnnvier (Iron) the trigeminal nerve) in wliich the nenrofilaments 
are distinet in the axoplasm. 1 he myelin lamellae are seen somewhat imlistinetly at this magnifiea- 
tion near their termination. I he point ol interest in this node is the covering of the axon by 
neurilemma! (Schwann cell) cytoplasm at the node and the continuation of the basement membram 
of the cell. The endonenrium extends across the node* external to the region in which the two 
neurilemmal cells meet. Electron micrograph X 0,000. (Lnse.) 

hiorRE 91. Portion ol a neuron from the vestibular ganglion of the Sth nerve. The granular 
and nuMubraiions complex ol the ergastoplasm are distinct. The mitochondria in this cell are some¬ 
what swollen. 1 he most distinctive feature ol these cells is the myelin sheath which surrounds the 
ganglion cell body consisting here of about H lamellae. The outermost of these lamellae is con¬ 
tinuous with the plasma membrane of a satellite (ell, several satellite cells contributing to the 
sheath of the entire neuron. (Iaise.) 
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deposition of myelin since, as Spcidcl lias shown, sprouts of myelinated fillers 
develop invclm more commonly than sprouts ot unmyelinated fillers, even though 
supplied with neurilemma liy the descendants ol the same sheath cells. 1 hat 
the neurilemma cells are not necessary for myelin production is shown by the 
presence of myelin about many of the nerve fibers of the central nervous system. 
The myelin sheath is known to impede diffusion of potassium from the nerve 
fibers, and perhaps has similar effect on other substances (van llarrevcld, 1950). 

The in i/elinaled fibers of Ike brain and spinal cord differ from those of the 
peripheral nerves in the absence of neurilemma sheaths and sheath cells. Instead 



Figure !>2. Cross section of a small nerve. Surrounding the group of fibers are the flattened 
fibroblast-like cells of the epineurium. Three myelinated fibers are present and. although the 
neurilemmal nucleus is not present in the cross-section of any of these, the scant Schwann cytoplasm 
surrounding the liber and its myelin sheath is distinct. Several groups of unmyelinated fibers in which 
no nucleus is evident are also seen. Nuclei of two neurilemmal cells are present. In the cytoplasm ol 
the left one. numerous unmyelinated libers are present, and in the right one there are three. 
Electron micrograph X 1.700. (Fuse.) 


I here is an invcslment of neuroglia fibers and nuclei. It has been suggested that 
oligodendroglia colls may be concerned in the development of the myelin sheaths. 

The filters of the brain and spinal cord have been shown to possess nodes of 

Ranvier, although this formerly was not thought to be true (Bodian, 1951: 

lYase, 1955). 

V nmyebnaied fibers are of two kinds, namely, naked axons and the fibers 
described by Remak that possess nuclei which may be regarded as belonging 
to a thin neurilemma. The latter tire found in great numbers in the autonomic 
nervous system, and many of the fine afferent fibers of the cerebrospinal nerves 
also belong to this class (Ranson and Davenport, 1991). Naked axons tire especi¬ 
ally numerous in tin 1 * * * V gray matter and some paths of the brain and spinal cord, 
and every axon til ils beginning from the nerve cell, as well as tit its terminal 
arborization, is devoid of covering. I ndcr electron microscopy it is seen that 
myelinated and unmyelinated axis cylinders have the same contents, and that 
more than one unmyelinated axon may be surrounded by a single neurilemmal 
sheath cell (Fig. 9 C 2). 
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By way of summary wo may enumerate four kinds of nerve fibers : (1; 
myelinated fibers with a neurilemma, found in the peripheral nervous system, 
especially in the cerebrospinal nerves; (2) myelinated fibers without a neurilemma, 
found in the central nervous system; (.*>) unmyelinated fibers with a neurilemma 
(Bemak's fibers), especially numerous in the autonomic system, and (4) naked 
axons, abundant in the brain and spinal cord. 

Conduction of an impulse along a nerve fiber is accompanied by an alteration 
of the electrical potential of the tissues. By recording the potential with galva¬ 
nometer or cathode ray oscillograph, the speed of conduction in nerve fibers 
can be determined. With such means it is possible to show that impulses pass 



Fig cm: !)3. Form of action potential in the saphenous nerve of the eat, showing two spikes. .1 and C. 

(Gasser.) 


over nerve fibers, at rales of from one to 100 meters per second. By measuring 
the speed of impulse transmission in selected bundles of nerve fibers it can also 
be shown that the larger fibers tend to transmit impulses at faster rales and 
smaller fibers at slower rates. By studying the fiber size and the speed of trans¬ 
mission in nerve bundles of known physiologic function, correlation of these items 
can be made. 

An example of this type of analysis is shown in Fig. !).‘> which illustrates 
potentials recorded from the saphenous nerve of a cat following electrical stimu¬ 
lation. The nerve was stimulated at a point 5 cm. from the point where the 
potentials were picked up, and the stimulus was sufficiently strong to activate 
all the fibers in the nerve. The fastest fibers in this nerve, conducting at rates 
varying from 75 to 15 meters per second, had action potentials which were 
recorded as spike A. which includes a second smaller elevation. The third 
elevation, C, was produced by potentials from unmyelinated sensory and auto- 











liomic libers having conduction velocities ol 2 to 1 meters per second (Gasser, 
1984, 1941). In motor nerves the large myelinated sensory and motor libers 
with speeds up to 100 meters per second contribute to the /I spike, which in the 
saphenous is formed by the sensory libers to the skin. In records obtained from 
autonomic nerves an intermediate spike, B, appears, representing the action 
potentials of preganglionic visceral eflerent libers, with rates ot conduction 
varying between 14 and ,4 meters per second (Bishop and Ileinbecker, 19130). 

A relationship of acetylcholine metabolism and conduction in nerve libers has 
been sought, but the content of acetylcholine in dorsal roots and postganglionic 
autonomic fibers as determined by extraction is said to be only about 1 per cent 
of the content of ventral roots. The surface of the axis cylinder, covered by a 
lipoid membrane, is apparently impervious to acetylcholine (Rothenberg, Sprinson 
and Xachmanson, 1948). 

The Neuron as a Trophic Unit. All parts of a cell are interdependent, and a 
continuous interaction between the nucleus and cytoplasm is a necessary con¬ 
dition for life. Any part which is detached from the portion containing the 
nucleus will disintegrate. In this respect the nerve cell is no exception. When an 
axon is divided, that part which is separated from its cell of origin and therefore 
from its nucleus dies, while the part still connected with the cell usually survives. 
The degeneration of the distal fragment of the axon extends to its finest ramifi¬ 
cations, but does not pass the synapse or involve the next neuron. In rare cases 
a slow atrophy of the secondary neurons may occur. 

It must not be supposed, however, that after section of a nerve fiber the part 
of the neuron containing the nucleus remains intact, for as a result of the 
division of an axon important changes occur in the cell body. The Xissl sub¬ 
stance undergoes solution and redistribution, the cell becomes swollen, and the 
nucleus perhaps more eccentric. This phenomenon is known as chromedolysis, 
or the axon reaction, and is illustrated in Fig. 8 C 2 , //. If the changes have been 
very profound the entire neuron may completely disintegrate, but, as a rule, it 
is restored to normal again by reparative processes. The nucleus becomes more 
central, the Xissl bodies reform and usually become more abundant than before, 
while from the cut end of the axon new sprouts grow out to replace the part of 
the axon which has degenerated. From what has been said it will be apparent 
that the nucleus presides over the nutrition of the entire neuron, that the latter 
responds as a whole to an injury of even a distant part of its axon, that the 
immediate changes produced by such a lesion are limited to the neuron directly 
involved, and that nerve fibers are unable to maintain a separate existence 
or to regenerate when their continuity with the cell body has been lost. This is 
what is meant by the statement that the neuron is the trophic unit of the 
nervous svstem. 

ty 

'There is, however, an interrelationship between neurons that affects their 
integrity. If the afferent libers synapsing with certain neurons are eliminated, a 
transneuronal atrophy occurs after several months. The phenomenon is appar¬ 
ently not universal, and partial deprivation of impulses to nerve cells may have 
no demonstrable effect, as, for example, in the case of those of the anterior horn 
of the cord following dorsal root section or cutting the tracts from higher levels 
of the brain (Cook, Walker, and Barr, 1951). 
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Degeneration and Regeneration of Nerve Fibers. When a peripheral nerve 
fiber is cut certain events follow in different parts of the neuron. The distal 
segment of a nerve fiber which has been removed from connection with its cell 
body undergoes degeneration which begins slowly, requiring days to be com¬ 
pleted, and involves the separate parts of the nerve fiber differently. The axis 
cylinder gradually breaks up and the segments are digested and absorbed. If 
there is a myelin sheath it is gradually transformed into a chain of lipoid droplets, 
the larger of which may in the early stages contain degenerating fragments of 
the axis cylinder. These droplets of transformed myelin have a chemical com¬ 
position which differs from the normal and which allows them to be stained 
specifically with the Marchi method. The neurilemma] sheath does not degene¬ 
rate, but its constituent cells proliferate forming a band or tube with many 
nuclei evident. This neurilemmal tube may persist for months beyond the time 
of disappearance of the axis cylinder, the fragments of which disappear in a few 
days, or the degenerating myelin sheath, parts of which may (as droplets) persist 
for six months or more. The neurilemmal band awaits regenerating axons, but 
may diminish in diameter with time if not reached by regenerating axons. 
Regenerating nerve fibers of large size may be restricted in their growth in 
diameter if they enter smaller neurilemmal tubes (Hammond and Ilinsey, 1945). 

When a nerve fiber is cut the parts of the neuron centralward to the break 
(toward the cell body) show characteristic changes also. As previously stated the 
perikaryon is involved in chromatolysis. This change reaches its peak in 7 to 15 
days and then the cell may recover, or if it is too badly damaged it may com¬ 
pletely degenerate. 

If the cell body completely degenerates, the nerve fiber between the cell body 
and the cut undergoes Wallerian degeneration just as the distal segment does. 
However, if the neuron survives only a small amount of destruction occurs at 
the distal end ot the central stump of a cut nerve, the degeneration extending 
back along the nerve fiber to about the first node of Ranvier. 

From each axis cylinder near the cut end a number of small sprouts grow 
out and make their way along, at first within the neurilemmal tube surrounding 
the fiber, (Fig. 94). Some of the sprouts may go centralward even as far as 
central nervous system or dorsal root ganglia (in case of sensory fibers), where 
they may form pericellular and periglomerular skeins about the ganglion cells. 

Other sprouts grow distalward and eventually reach the cut end of the nerve. 
Here thev leave their neurilemmal sheaths which have also been cut and grow 
into the scar tissue. The haphazard arrangement of connective tissue fibers has 
its influence on the ameboid growing tips of the nerve sprouts and they wander 
irregularly through the scar following bundles of connective tissue and tissue clefts 
and other nerve fibers. Some may even be turned back into the central stump. 
Eventually some of the sprouts find their way successfully across the scar tissue 
and enter the neurilemmal tubes persisting, in the distal stump. Naturally there 
is confusion. Not all of the fibers get across the scar, and those that do are 
directed by chance into the available pathways. It is obvious that only a few 
would be likely to regain their original paths. Cajal was unable to demonstrate 
that a chemical attraction to growing fibers acted over any great distance. 


Anatomy of tiif Xkkvofs Systkm 


118 



Figure 9I>. Diagrammatic drawing of a 
regenerating nerve: , I . (’(Mitral slump; li. distal 
slum]); C\ interval between stumps; a. b. bulbs 
on the ends of fibers growing centrally in and 
around the central stump; /, <j. bulbs on the 
ends of fibers growing into the distal slum]); 
e, bulb on the end of a fiber in the scar; d, 
coil formed by centrally growing fiber; c. ex¬ 
pansion at point of bifurcation of a growing 
fiber sprouted front a cut axon. (Cajal.) 


From a consideration of these prin¬ 
ciples of growth it is easy to see that 
the less the sear tissue* between the cut 
(*nds of a severed nerve the more success¬ 
ful will be the restoration of fibers in 
the distal slum]). Various artificial and 
natural channels have been placed be¬ 
tween the cut (aids of severed nerves 
with the idea of directing the growth 
of fibers to the distal stump. 

The sprouts arising from the cut end 
of a nerve outnumber the fibers injured 
and it is possible, therefore, in partic¬ 
ularly successful anastomosis or in the 
regrowth in the distal segment of a nerve 
crushed or injured but not separated 
from the central stump, to have finally 
a greater number of fibers distal to an 
injury than proximal. 

When the sprouts of regenerating 
nerve fibers reach the distal segment and 
find their way into the ncurilemmal 
tubes which act as conduits their rate of 
growth is considerably accelerated, some 
having been known to grow in this 
location several millimeters a day. When 
they have reached the site of the old 
endings there is another delay before the 
restoration of function while the endings 
become reorganized. Thus, while the 
neurilemma cells and the band fibers de¬ 
rived from them .appear to be incapable 
of developing new nerve fibers by them¬ 
selves in the peripheral slum]), they play 
an important part in nerve regenera¬ 
tion in cooperation with the new axons 
from the central stum]) (Hanson, 1912; 
Cajal, 1928). 

Speidel (1985) has shown that the 
fibers arising as sprouts from myeli¬ 
nated fibers have a greater tendency to 
become myelinated than those arising 
from unmyelinated ones, indicating a re¬ 
sponsibility of the axis cylinder for the 
has been seen to appear in re¬ 


construction of the myelin sheath. New myelin 
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generating mammalian nerves as early as days after the original injury 
(Clark and Clark, 1947). 

The amount and character of the function reston'd following regeneration 
of a cut nerve will depend upon the number of legrowing nerve fibers which 
reach the proper destination and perhaps upon those which reach the wrong 
destination. Sensory fibers will grow down the neurilemmal lubes of motor fibers 
but will not substitute functionally for the motor nerves (Weiss and Ldds, 1945). 
There is evidence (but not conclusive) that preganglionic autonomic fibers may 
reinnervale skeletal muscle deprived of its nerve supply (Brown and Satinsky, 
1951 ). 

Somatic nerve fibers are apparently not limited to a length of growth since 
they will double in length if given the opportunity to regenerate through a 
sufficiently long distal nerve stump. Autonomic nerve fibers may not have this 
capacity for growth. Nerve fibers that do not reestablish connection with endings 
remain smaller than those which do. 

It is important to note that the nerve fibers of the brain and spinal cord, 
which as has been stated before, are devoid of neurilemma sheaths, are incapable 
of regeneration sufficient to restore function. Abortive sprouts are put out from 
such central neurons which grow into the sear tissue at the site of injury. The 
amount of this scar tissue may be diminished under experimental conditions 
and the growth of axonal sprouts thus encouraged (Windle and Chambers. 
1950). 

Although further evidence is needed to establish the fact, there have been 
indications that partial restoration of function has occurred across the gap in 
the transected spinal cord, ('specially in young animals (Windle, 1955). It has 
also been shown that dorsal root fibers after entering the cord, when isolated by 
removal of neighboring dorsal roots, may sprout and spread terminals over a 
greater field of gray matter (Liu and Chambers, 1955). 'The severed spinal cords 
of lower forms such as fish and amphibia will regenerate and this gives hope to 
those who experiment with mammalian forms (Piatt, 15)55). 

Studv of regeneration of nervous structure's in lower forms has revealed 
many interesting points and, though only some of them apply to mammals, 
there are signifeant implications in others. For example, it has been reported 
that regeneration of the olfactory epithelium and nerves occurs in the frog after 
removal of the epithelium of the nasal cavity. This appears phenomenal when 
it is recalled that the primary olfactory neurons which give rise to the olfactory 
nerves are actually within the nasal epithelium (Smith, 1951). 

Other equally surprising observations have been made by methods of tissue 
culture. Although it has been known for some time that mature nerve cells of 
dorsal root and autonomic ganglia will survive as transplants, it has been shown 
that mature human nerve cells from brain and autonomic ganglia can survive 
in tissue cultures for some time. 1 he neurons cultured from fetal brains have sur¬ 
vived when taken from refrigerated specimens even several days after therapeutic 
abortion (Hogue, 15)47, 15)59; Pomerat and Costero, 15)5(1). 

The fact that striated muscle which is not used undergoes atrophy is common 
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knowledge; but it is surprising to find that some nerve eells may also change 
with disuse. The retinal ganglion eells of infant chimpanzees reared in darkness 
disappeared, though the bipolar eells of the retina persisted (Chow et ah, 11157). 

Neuron Chains. Though structurally its unit is the neuron, the functional 
activity of the nervous system is dependent upon the interconnection of various 
neurons and upon the ultimate connection of these with peripheral receptors and 
effectors. In fact, without intending any philosophical implications it can be 
stated that the entire activity of the nervous system is based on such connections. 
The simplest functional combination of neurons is seen in the reflex arc , and this 
again in its simplest form is illustrated in Fig. 95. Such an arc may consist of 
but two neurons, one of which is afferent and conducts toward the spinal cord; 



/. commissural neuron. 


the other is efferent and conducts the impulses to the organ of response. The arc 
consists of the following parts: (1) the receptor, the ramification of the sensory 
fiber in the skin or other sensory end organ; ( c 2) the first conductor, which includes 
both branches of the axon of the spinal ganglion cell; (3) a center including the 
synapse; (4) the second conductor, which includes the entire motor neuron, with 
its cell body in the anterior gray column and its motor ending on the muscle, 
and (5) the effector or organ of response, which in this case is a muscle fiber. A 
wave of activation, known as the nerve impulse, is developed in the sensitive 
receptor and travels over the sensory fiber to the synapse where it activates the 
motor neuron. The resulting impulse travels along the motor fiber to the neuro¬ 
muscular ending and causes the muscle to contract. There is always a slight delay 
at the synapse, representing the time required for the new impulse to be gener¬ 
ated. Although an impulse never crosses a synapse, it is convenient to follow 
the succession of impulses through a chain of neurons without mentioning the 
synaptic interruptions. A more common form of reflex arc involves a third, and 
purely central neuron, as illustrated on the right side of Fig. 95. Such central 
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neurons may have short or long axons. Tn the latter case they may serve to 
connect distant parts of the central nervous system with each other. It is to 
the multiplication of these central neurons that we owe the complicated path¬ 
ways within the mammalian brain and spinal cord. 

Pathways through Higher Centers. An idea of how the neurons of some 
of the centers in the brain are related to the primary motor and sensory spinal 
neurons is given by Fig. 96. It will be seen that many paths are open to an 
impulse entering the spinal cord by way of a dorsal root fiber. Ignoring the breaks 



Figure !)(>. Diagram representing some of the conduction paths through the mammalian central 
nervous system. An elaborate system of central or association neurons furnishes a number of 
alternative paths between the primary sensory and motor neurons. At the level of the spinal cord 
a closed neuron circuit is illustrated. (Redrawn and modified from Ravliss.) 


at synapses we say that it can pass over one or all of the following paths: (1) 
by way of a collateral to a primary motor neuron in a two-neuron reflex arc. It 
may travel over an association neuron, belonging ( c 2) to the same level of the 
spinal cord, or (o) to other levels, in reflex arcs of three or more neurons each: 
or (4) it may ascend to the brain along an ascending branch of a dorsal root 
fiber. Here it may travel over one or morb-of a number of paths, each consisting 
of several neurons, and be finally returned to the spinal cord and make its exit 
by way of a primary motor neuron, l he figure illustrates but a few of the possible 
paths, many of which we shall have occasion to consider in the subsequent 
chapters. 
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( > moiv (‘Inbornl<* the connections among tin- association neurons the 
greater the opportunity for vnrinlion in llie response lo n given stimulus. I hus 
il is apparent tlinl tin- higher I hi* development ol the brain ol n sj)eei('s ol nnnnnl 
the less stereotyped its behnvior mny bo. 11 might be a< 1< 1 (‘<I as a corollary that in 
a single specie's, man for example, any condition which limits the quantity ol 
available inlernuneial neurons may result in more stereotypy in behavior. At the 
two extremes of life, inlancy and old age, slerolyped behavior is common as a 
consequence of incompleteness of (U'velopment of the nervous system at the one 
extreme and destruction of parts of it at the other, through aging or by disease. 

Even when the most complicated paths through the bram are taken into 
consideration, the time required for an impulse to travel these paths Irom 
receptor lo effector is very brief. But it is known that a slimnlus to a sensory 
nerve may initiate a contraction that persists for a minute or more after the 
cessation of the stimulus. Throughout this period tile motor neurons concerned 
are repeatedly discharging impulses along the motor fibers. Several theories have 
been offered to account for this prolonged activity. 1'he most satisfactory ex¬ 
planation is offered by a conception of closed self-exciting neuron circuits. When 
once activated by an impulse reaching il along fiber .‘3 of Fig. 90, the closed cir¬ 
cuit, which has been diagrammatically represented at the level of the spinal 
cord in that figure, would continue to be active, the impulse traveling around 
the circuit until interrupted by inhibition or fatigue. Each lime neuron A was 
activated it would in turn activate the next neuron in the circuit and at the 
same lime send an impulse to the primary motor neuron B, thus providing for 
continued activity in the muscle. The conception of closed circuits as an 
explanation for long continued activity in the central nervous system, though 
based on the work of Cajal and Forbes, was well supported by Hanson and 
Ilinsey (19130). Il is essentially similar to the circus movements described in 
heart muscle by Garrey. It has been put on a firm foundation by Lorcnte de 
No (19.‘3.‘3) and has won wide recognition (Eceles, 198(3; O'Leary, 1987). 

There is reason to believe that activity can continue in the central nervous 
system in the absence of all afferent impulses. The goldfish brain, dissected free 
from tin- body, continues a rhythmical activity corresponding in tempo with 
the normal gill movements. 'This activity is probably located in the respiratory 
center. 'The waves of electrical potential, which travel over the cerebral cortex 
in man and animals, arc- independent of incoming sensory impulses. To explain 
such phenomena it has been assumed that neurons are endowed with the capacity 
for spontaneous rhythmical activity. Whatever one may think of this explanation, 
the existence of activity in the central nervous system which continues without 
reinforcement from incoming impulses cannot be doubted. It is quite possible 
that such a sustained rhythmic activity may be explained on the basis of con¬ 
duction in closed self-exciting neuron chains (Eecles, 15)8(3). 

For an incoming impulse a variety of paths are open, one or more of which 
may be taken according lo the momentary resistance of each. 1 here is reason lo 
believe that tin- resistance interposed by a synapse may van' from moment lo 
moment, according to the physiologic state of the neurons involved. It is there- 
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tore not necessary that every impulse entering- by a given fiber shall travel the 
same path within the central nervous system nor produce the same result. The 
pathways themselves are. however, more or less fixed, and depend upon the 
structural relations established by the neurons. Many of these synaptic con¬ 
nections are formed before birth, follow an hereditary pattern, and are approxi¬ 
mately the same tor each individual of the species. In the child these are 
illustrated by the nervous mechanisms involved in breathing and swallowing, 
which are perfect at birth. I he newly hatched chick is able to run about and 
pick up food, acts which are dependent on nervous connections already estab¬ 
lished according to hereditary pattern. Though the original pattern of distribution 
of the cell bodies of embryonic neurons in separate individuals of a species is in 
general similar, these neurons must subsequently form the pathways of the 
nervous system by the growth of axons over long distances. Cajal suggested that 
the potentialities of the nervous systems of separate individuals differ because 
not all the nerve fibers as they grow stick to the predetermined paths. Also some 
may make aberrant connections or degenerate, or the ones remaining in the 
piopti pathway may differ in quantity’ and connections. Even in identical twins 
this factor for variation is active, for though in twins the hereditary’ stamp of the 
nervous system must be more nearly the same than it is in any other two 
indie i<hiaIs. the axons of the neurons originally laid down must grow to make 
pathway’s. The variation here and there in the position and growth of blood 
\ essels supplying the nervous tissue or the position of supporting structures must 
offer opportunities for diversification of connections because of the tendency of 
nerve fibers to grow like vines along a trellis, lending to follow the framework 
(stereotropism). 1 he pattern of blood vessels and other structures, which can 
have an influence upon the pattern of growing fibers is not exactly’ the same in 
any two individuals. In man and to a less extent in other mammals the nervous 
^•"tem continues to develop long after birth. This postnatal development is in 

ffueneed by' the experience of the individual and is more or less individual in 
pattern. 

1 he neurons which make up the nervous system of an adult man are 
therefore arranged in a system the larger outlines of which follow an hereditarv 
Pattern, but many’ of the details of which have been shaped by the experiences 
of the individual. 


NEUROGLIA 

Delicate strands of mesodermally derived connective tissue penetrate the 
cenlial nci vous system along the blood vessels but the chief supporting tissue of 
the biain and spinal cord is of an entirely’ different nature, a special tissue called 
neuroglia. Under this heading may be included: ependyma, neuroglia proper, in¬ 
cluding astrocytes and oligodendroglia, and microglia. Some authors also include 
under this heading the sheath and satellite cells of the peripheral nerves and 
ganglia. 

Idle ependyma forms a single layer of columnar epithelial cells lining the 
ventricles of the brain and central canal of the spinal cord (Fig. <)?). The cilia 
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which project from the free surface in the embryo are almost entirely lost in tin* 
adult. From the base of the cell projects a long slender process which at one stage 
of embryonic development reached and was attached to the exteinal limiting 
membrane. Some ot these processes retain this attachment at tin* bottom ot the 
anterior median fissure of the spinal cord in the adult. I he cuticulae ot the 
ependymal cells form the internal limiting membrane. In certain places such 



Fkwke 97. Ependyma and neuroglia in the region of the central canal of a child’s spinal cord: 
d. Ependymal cells; /) and /), fibrous astrocytes; C. protoplasmic astrocytes. Golgi method. 
(Cajal.) 


as the roofs of the third and fourth ventricles the ventricular wall consists of a 
single layer of epithelium of ependymal origin. 

Neuroglia in the restricted sense includes protoplasmic astrocytes, fibrous 
astrocytes, and oligodendroglia. Protoplasmic astrocytes are found in the gray 
matter of the brain and spinal cord. They are characterized by their numerous 
freelv branching protoplasmic processes, which give them the characteristic 
appearance because ot which they are oiten called moss\ ce 11s (Figs. 1)7. C; 1)8, A). 
Fibrous astrocytes, found chiefly in the white matter, differ from the preceding 
because of their long unbranched fibers. These run through the cytoplasm, project 
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from the cell bodies in every direction and give them an appearance which lias 
earned the name spider cells (Figs. 97, D; 98, B). Both types of astrocytes are 
attached to blood vessels by one or more processes that terminate in perivascular 
feet (Fig. 98. B). OligodendrogUa cells are smaller than the astrocytes. Their 
processes, which are tew in number, are slender and relatively free from branches 
(Fig. 98, D). They are found in the white substance in rows between the nerve 
fibers, which arc partly invested by their processes, and in the gray matter, 
closely applied as satellites to the nerve cells (Fig. 99). Others both in the gray 
and white matter lie with their cell bodies resting on small blood vessels. It is 




Figure 1)S. Interstitial cells of the central nervous system: 1, Protoplasmic neuroglia; B, fibrous 
neuroglia: C, microglia: D , oligotlendroglia. (After Rio llortega.) 


not likely that oligodendrocytes offer much mechanical support for the nervous 
elements and it has been suggested that their function is chiefly a metabolic one. 
and that they act as intermediary agents in the exchange of metabolic products 
between ganglion cells and brain fluids. Study of the oligotlendroglia in the rabbit 
spinal cord during myelin formation does not support the idea that they may 
assist in myelin formation (Dekaban, 1956). There has also been described an 
adendroglial cell, which has no processes and which is distributed like the 
oligodendroglia. 

The pia-glicil membrane which encloses the brain and spinal cord is composed 
of a condensation of neuroglia attached* to the deep surface of the pia. Many 
astrocytes send processes considerable distances to terminate in expansions be¬ 
neath the pia and there are numerous small astrocytes closely applied to its under 
surface. The pia-glial membrane accompanies the blood vessels into the brain 
and spinal cord forming tubular channels within which the vessels run (Fig. (e2). 
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The space goes no l*iirlli<‘i* than arterioles, hut the leplomeningcal sheath appears 
unde*r electron microscopy as cytoplasm ot cells in a thin layer partly surround¬ 
ing the arteriole (Maynard, Schultz and Pease. 1!)57). 

Along the route of blood vessels in the central nervous system, the ordinary 
connective tissue has within it the types of cells found in the same tissue clsc- 



Figukr 99. Oligodeudroglial cell which is a satellite to a neuron. The oligodeudroglial cell has 
clear cytoplasm which contains a scant amount of endoplasmic reticulum ami a moderate number 
of mitochondria. It is adjacent, to a neuron which has a much more dense cytoplasm containing a 
large amount of granular material associated with membranes. Within the large neuronal nucleus 
there is a distinct nucleolus and associated nucleolar chromatin. Surrounding the neuron and 
oligodeudroglial cell are the intertwined cytoplasmic processes of other glial and neural element*, 
neuropil. X 7,400. (Luse.) 


where. Iu addition to the connective tissue fibers and fibroblasts, there are a 
number of elnsmalooytes and occasional mast cells. These are not to be confused 
with the true glial elements. 

Microf/lial cells of mesodermal origin are found in both the gray and while 
matter. They are very small and, while the majority are multipolar, some are 
distinctly bipolar (big. !)8, C). From the scanty cytoplasm surrounding llie 
nucleus arise two, three or more spiny, frequently branching processes. A ground 
substance around and between the neurons of the centra] nervous system has 
been described (Hess, 1!)5.‘>). 

There is evidence of difference in function of the various neuroglial cells. 
Whether or not microglial cells have any important function under normal con¬ 
ditions, when nervous tissue is damaged thev assume the* role of scavenger cells 


Neekoxs and .Neuroglia 


127 


(compound granular corpuscles or gittcr cells). When neurons disn|)|)ear through 
slow processes, a collection of oligodendroglial cells may occupy the site. Larger 
areas ot destruction arc filled in by the proliferation of fibrous and protoplasmic 
astrocytes and oven ordinary sear tissue. 

1 he ependymal epithelial cells covering the ehorioid plexuses constitute part 
ot a semi permeable membrane through which much of the cerebrospinal fluid 
accumulates. Masses of neuroglial cells in the region of the area postrema have the 
peculiar quality of becoming vitally stained with trypan blue, a characteristic 
not common to normal neuroglia generally. It is possible this area and adjacent 
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Fiona-: 100. Nuclei of astrocytes (J). oligodendrogUa (li) . and microglia (0). Stained with crcsyl 

violet. Photographs by Weil. 

similar structures may have a secretory function (Cammermoyer. 1049). The few 
nerve cells in the area postrema are pigmented in man, though not in lower 
animals. 

In proparations*slained with the basic dyes the nuclei of the different types 
of cells can be easily distinguished. The nerve cells have large, lightly staining 
vesicular nuclei with large round nucleoli (Fig. S c 2). The nuclei of astrocytes are 
about the size of those found in small nerve cells. They are irregularly oval, stain 
lightly, and contain granules of chromatin but no nucleolus (Fig. 100, A). Oligo- 
dcndroglia nuclei are smaller than those of astrocytes and stain much darker 
(Fig. 100. B). The nuclei of microglia cells are the smallest and most darkly 
stained. They may be round, oblong, triangular, or curved like a “C" (Fig. 
100, C). 
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The Spinal Nerves 


Since the nervous system is constructed of neurons related to each other as 
conductors of impulses, and since the action of the nervous system is dependent 
upon the course which impulses take that enter, and leave, and course about in 
the nervous system, it is important to analyze the pathways taken by such 
impulses. It is natural to begin by the study of the peripheral nerves by which 
impulses enter and leave the central nervous system, and follow this with the 
study of the in tern uncial paths and connections between the incoming or afferent 
neurons and the outgoing or motor ones. The central nervous system is made up 
of these interuuncial neurons and it is through these neurons that connections 
are made between any source of afferent impulses and the appropriate effector 
mechanism. The functioning patterns of interuuncial neurons therefore express 
the potential choice of responses to stimuli, and the more such patterns an animal 
type has developed the less stereotyped arc its responses. 

The incoming impulses may arise from external or internal environment 
and so may be conveyed in nerves from somatic or splanchnic areas, and the 
effects that follow any given stimulus may occur in voluntary muscle, involuntary 
muscle, or glands. There is thus complete interdependence between the cerebro¬ 
spinal and autonomic (sympathetic) portions ot the nervous system, these parts 
are named separately for convenience of description. 

The sensory impulses conveyed to the central nervous system by spinal 
nerves are those familiar to everyday experience, and are interpreted as pain, 
temperature, touch, pressure, and proprioception. Proprioceptive impulses, or 
muscle sense, arises within the voluntary muscle and related structures. The other 
types of general sensibility come from both somatic and splanchnic areas. There 
arc differences, however, in the sensitivity of parts. The skin of the fingers and 
palms is quite sensitive to touch, the tongue also. Other portions ot the body 
covering are less sensitive to touch and this sensation is absent from the gastric 
mucosa and other visceral areas. Pain is felt from most normal skin on adequate 
stimulation by cutting, burning, stretching, and is apparently the chief sensation 
elicited from the cornea by contact. In the visceral area pain is not produced by 
cutting or burning or light pinching of normal mucosa, but does tollow stimu¬ 
lation of a viscus which is inflamed or engorged. 
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Temperature sense in the skin allows discrimination of differences of a few 
degrees, but the visceral areas are relatively insensitive to heat or cold. In the 
stomach temperatures between 18 C. and 40 C. are not distinguished. Above 
40 C. is interpreted as heat, and below 18° C. as cold. Pressure is appreciated 
in viscera and within the stomach may be roughly localized. 

the spinal nerves are attached to the spinal cord by ventral and dorsal 
roots. On each dorsal root is a ganglion containing the cells of origin of the fibers 
of the dorsal root while the fibers forming the ventral root arise from cells in the 
ventral horn of gray matter of the spinal cord. The spinal nerve, made up of the 
fibers of the combined ventral and dorsal root, leaves the vertebral canal at the 
appropriate level by an intervertebral foramen and immediately branches into 
dorsal and ventral rami as the nerve begins its peripheral distribution. A short 
distance beyond its exit from the vertebral column the spinal nerve receives fibers 
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Figure 101. Diagram of the position of the nipple in the sensory skin fields of the fourth, 
third, and fifth thoracic spinal roots, the overlapping of the cutaneous areas is represented. (Sher¬ 
rington.) 


from the sympathetic trunk to be distributed, and some spinal nerves contribute 
fibers to the trunk, such fibers passing by way of the communicating rami. 

Metamerism. That the spinal nerves are segmentally arranged, a pair for 
each mctamere, is readily appreciated in the case of the typical body segments 
of the thoracic region. Here it is obvious that a nerve supplies the corresponding 
dermatome and mvotomc, or in the adult the skin and musculature of its own 
segment. While the thoracic nerves retain this primitive arrangement in the 
adult, the distribution of fibers from the other spinal nerves is complicated by 
the development of the limb buds and by the shifting of myotonies and derma¬ 
tomes during the development of the embryo (Fig. 103). 

Opposite the attachment of the limb buds the ventral rami of the corres¬ 
ponding nerves unite to form flattened plates, from which the brachial and 
lumbosacral plexuses are developed. \\ ithin these plexuses the fibers derived from 
a number of ventral rami are intermingled. Each nerve which extends from these 
plexuses into the limbs carries with it fibers from more than one spinal nerve. 
While it is not possible to follow by chased ion the course of such fibers, the 
clinical neurologists through their study of paralyses and areas of anesthesia 
subsequent to lesions of one or more nerve roots within tin' vertebral canal have 
been able to demonstrate the areas of skin and groups of muscles supplied by 
specific spinal nerves. 
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She rrin<»ton (181)4) attacked the prohhon of llir distribution of the sensory 
fibers by (*x|><-ri1 11 <m 11;iI methods on cals and monkeys; Head contributed mncli 
llirough the* study of areas of skin involved in herpes zoster in which individual 
cerebrospinal ganglia wen- infected; and Foerstcr (ll). l >0) nia<le use of his extensive 
neurosurgical practice to deterniine the distribution of sensory nerves in man. 
J3y injecting inlerspinous ligaments and separate muscles with strong salt solution 
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Ficu'KK 10->. Dermatomes contrasted with the areas supplied by cutaneous nerves. .1. Shows 
tlx* distribution ol cutaneous nerves on one side and on the oilier the general arrangement of the 
dermatomes. II, Shows the size, shape, and degree of overlapping of some of the dermatomes. 

the segmental innervation of deeper struct tires has been demonstrated and 
patterns similar to dcrmatomal ones have been made (Lewis. ID4 t 2). Section of a 
single dorsal rout does not cause complete anesthesia anywhere because of an 
overlapping of the areas of distribution of adjacent spinal nerves (Fig. 101). but 
cither section of a nerve root or pressure upon it as by the herniation of the 
nucleus pulposus ol an intervertebral disk produces sufficient alteration in the 
sensitivity of tin* primary area of skin supplied so that it can be mapped out 
(Keegan and Garret l, 11)48). The zones so mapped arc more delimited than those 
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Figure 103. 


A diagram of developmental stages of flic upper limb to show how the segmental inner¬ 
vation of the limb is derived. (Haymaker and Woodhall.) 



Figure 101. Diagram of skin areas of diminished sensitivity found by Keegan and Garrett in 
patients requiring operation for extruded intervertebral disks. The zones are labelled to show the 
segmental nerve supply. 













































132 


A X ATOMY OF THK X KRVOIS S VST KM 


obtained by other means, as the overlapping distribution ot adjaeent nerv(' loots 
is not shown (Fig - . 104). The general arrangement of these sensory root fields in 
man is indiealed on one side ot Fig. 10 c 2, .1. On the opposite side* is indicated the 
distribution of the cutaneous nerves. The shape, size, and overlapping ot some ot 
the dermatomes is shown in Fig. 10*2, B. It will be seen that in the extremities 


LUMBAR DERMATOMES 
(LOWER BOUNDARIES) 




SYMPATHETIC SENSORY AND 

( SKIN RESISTANCE) VASOMOTOR 

( FOERSTER ) 

Figukk 10.5. Lower boundaries of dermatomes of the leg as determined by differences in skin 
resistance following lumbar sympathectomy are shown in the leit and middle figures. In the figure 
on the right are dermatomes as described according to sensory and vasomotor patterns by Foerster. 
(Richter and Woodruff, 19ta.) 


there is no correspondence between the areas supplied by the peripheral nerves 
and those supplied by individual dorsal roots. It will also be evident that the 
fibers of a given dorsal root reach the corresponding 11 . o 1 \ i ot t ft cl 1 ia) 
of more than one cutaneous nerve. Although in the plexuses associated with the 
innervation of the extremities each segmental nerve contributes sensory fibers 
to two or more peripheral nerves, the cutaneous distribution of the fibers from 
each root is not composed of disjointed patches, but forms a continuous field. 
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A knowledge ot the cutaneous distribution of the various nerve roots is of great 
importance in enabling the clinician to determine the level of a lesion of the spinal 
cord or nerve roots within the vertebral canal. Dermatomes of the trunk show a 
regularity corresponding to successive spinal segments, but such a sequence is 
not so obvious in the cutaneous innervation ot the limbs unless the embrvologic 
history is considered (Fig. 103). YY ith the gradual prolongation of the extremities 
the spinal nerves trom segments supplying the middle portion of the limb bud 
are carried distally on the limbs, thus explaining the apparent apposition of 
remote segments, as C 5 and T 2 in the proximal part of the arm, for an example. 

Evidence of the serial character of dermatomes in an extremity is shown by 
variations in skin resistance (Richter and Woodruff, 1945) of definite areas 
following removal of autonomic ganglia of the sympathetic trunk from which go 
postganglionic fibers to successive spinal nerves (Fig. 105). 

During embryonic development the shifting of muscles has also been accom¬ 
panied by corresponding changes in the spatial distribution of the motor nerve 
fibers. A familiar example is furnished by the diaphragm, the musculature of 
which is derived from cervical myotonies and which in its descent carries with it 
the phrenic nerve. This explains the origin of the phrenic from the third, fourth, 
and fifth cervical nerves. 

If, as seems probable, the musculature of the extremities has not developed 
along metameric lines, there can be no true metamerism of the motor nerves to 
the limbs (Streeter, 1912). Yet the fillers from each ventral root arc distributed 
in a very orderly manner. As is indicated in the diagram on page 28, almost 
every long muscle receives fibers from two or more ventral roots. It will be 
apparent that the muscles of the trunk are innervated from the roots belonging 
to the several mctamcrcs from the myotonies of which these muscles developed. 
The diagram shows in a general way the distribution of the fibers of the several 
ventral roots. 

There are also visceral afferent fibers distributed to the thoracic and abdo¬ 
minal viscera by way of the white rami from the thoracic and upper lumbar 
nerves. These have their cells of origin in the spinal ganglia and are continued 
through the dorsal roots into the spinal cord (Fig. 109). Except for the distri¬ 
bution of their fibers to the visceral structures they innervate and from which 
they acquire the name visceral, they are like the somatic afferent neurons in 
location of cell bodies and other morphologic details. Many visceral afferent 
fibers run with some spinal nerves to reach glands and blood vessels in periph¬ 
eral areas. 

The Structure of the Spinal Nerves. A spinal nerve is composed of nerve 
fibers bound together by connective tissue, which may break it up into several 
fascicles (Fig. 10(5). Each fascicle, or the entire nerve if it is not fasciculated, is 
surrounded by a layer of dense connective tissue, the perineurium, from which 
fine strands of this tissue penetrate betweeft-the individual fibers, forming the 
endoneurium. Loose connective tissue, the epineurium, envelops the perineurium 
and, if several fascicles are present, binds these together. 'The cutaneous branches 
of the spinal nerves contain a high percentage of fine myelinated fibers and great 
numbers of unmyelinated fibers. In a preparation fixed with osmic acid the un- 
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myelinated fibers remain unstained and in 1*ig. 10(» the only evidence ol linn 
presence is the rather wide separation between the myelinated liber*. I n eiilaneou* 
nerves tin* unmyelinated libers, which are very numerous, are ot two kinds. (1) 
sensory unmyelinated libers with cells ol origin in the spinal ganglia, and ( L Z) 
post-ganglionic sympathetic libers, which have entered the nerve by way ot the 
gray ramus from the sympathetic ganglia. Nerves going to muscles are composed 
chicllv of large myelinated fibers, but also contain a tew small myelinated and 
unmyelinated fibers. 

T1k* ventral roots of the spinal nerves contain somatic motor fillers most of 
which arc large although a tew an* small (big. 107, C). In addition to the somatic 
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Figure 100. Cutaneous branch of an intercostal nerve of man in cross section stained with 
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components, the ventral roots ot the thoracic and upper lumbal nci\es, \\hi(h 
are associated with while rami, and ot the second, third, and fourth sacral nerves, 
which give oil branches to the pelvic viscera, contain laige numbcis of tint 
mvelmaled preganglionic visceral eflcrenl fibers. Relatively lew myelinated fibeis 
of medium size and few unmyelinated libers are lonnd in ventral roots as will be 
seen from a comparison of Fig. 107, 0, in which the myelin sheaths are stained 
black with osmic acid, with Fig. 107, I ), in which the axons are stained black 
with silver. 

The dorsal roots contain myelinated fillers of all sizes and also great numbers 
of mini velum led axons. In a cross section ot such a root stained with silxci (big. 
107, li) one sees large and small darkly stained axons, corresponding to the 
mvelinnlcd libers in the preparation ol tin* same roof stained with osmic acid 
(Fig. 107, A). The very numerous unmyelinated fibers are grouped in bundles 
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which occupy the interstices among the myelinated fibers. In the photomicro¬ 
graph ol a cross section of the root stained with silver, the unmyelinated fibers 
appear as dots and the bundles as clusters of dots. 

The Spinal Ganglia. The spinal ganglia are rather simple structures funda¬ 
mentally. 1 he ganglion is essentially a collection of nerve cells and fibers bound 
together by a covering of fibrous connective tissue and well supplied with blood 
vessels. Jt has long been known that the typical cells of the mammalian spinal 
ganglion are unipolar. 1 he cell body is irregularly spheric. The axon, which is 



Figure 107 . Sections of roots ol llic third sacral nerve <>l a dog': t, Dorsal root, osmic acid; B , 
same root, silver stain; C, vcnl-ral root, osmic acid; /). same root, silver stain. There are few if any 
preganglionic visceral efferent fibers in the ventral root of the third sacral nerve of the dog. 
(Davenport.) 


attached to the perikaryon by an implantation cone, is coiled on itself in the 
neighborhood of the cell, forming what is known as a glomerulus (Fig. 108, /). 
Beyond the glomerulus the axon runs into one of the central fiber bundles of the 
ganglion and divides in the form of a T or Y into two branches, one of which is 
directed toward the spinal cord in the dorsal root. The other and somewhat larger 
branch is directed distally in the spinal nerve. The cells vary greatly in size and 
the diameter of the axon varies with that ok the cell from which it springs. An 
axon arising from a large cell usually forms a very pronounced glomerulus and 
soon becomes enshcathed with myelin, and this mvelin sheath is continued along 
both branches into which it divides. The branching occurs at a node of Hanvier. 

As was originally pointed out by Cajal (1007) and Dogiel (1008) and strongly 
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emphasized by Hanson (1012), the small rolls of these ganglia give rise to fine 
unmyelinated fibers. Those coil but little near the cell, 01 * the glomerulus may 
be entirely lacking (Fig. 108, a). They divide diohotoniously, just as do tin* 
myelinated fibers, into finer central and coarser peripheral branches. At the point 
of bifurcation there is a triangular expansion in place of the constriction so 
characteristic of a dividing myelinated fiber. It has been shown that the small 
cells are considerably more numerous than the large cells, though because ol their 
small size they constitute a less conspicuous element. 



i_ • j 

Figckk 108. Neurons from (lie spinal ganglion of a dog: a. Small cells with unmyelinated axons: 
/>, r, <1. c. and /. large cells willi myelinated axons; /, typical large spinal ganglion cell showing 
glomerulus and capsule. The arrow points toward the spinal cord. Pyridine-silver method. 


A few cells retain the bipolar form characteristic of all the spinal ganglion 
cells at an early stage of development (Fig. 77). 

The spinal ganglion cells are each surrounded by a capsule or membranous 
sheath with nuclei on its inner surface (Fig. 108, (/, /) which is continuous 
with the neurilemma sheath of the associated nerve fiber. The cells forming the 
capsule are of ectodermal origin, being derived like the spinal ganglion cells 
themselves from the neural crest. 

Beneath the capsule are small satellite cells which appear to be embedded in 
the sides of the ganglion cells. The function of these is obscure, their relation 
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to tlic ganglion cells is similar to that of certain oligodendroglial cells about 
neurons ot the central nervous system. 


In good methylene blue preparations and in sections stained by tlie newer silver methods it 
is possible to make out many additional details ol structure. The axon may split into many 
branches, which subdivide and anastomose, forming a true network in the neighborhood of the 
cell (Mg. 108, b). From this network the axon is again assembled and passes on to a typical bifur¬ 
cation. Or the axon may be assembled out ol a similar plexus which, however, is connected with 
the cell by several roots (Mg. 108. c) . Some of the fibers give off collaterals terminating in spheric 
or pear-shaped end bulbs. Such an end bulb may rest upon the surface of its own perikaryon 
(Fig. 108. d) or elsewhere in the ganglion. From the body of some cells short, club-shaped dendrites 
arise, which, however, terminate beneath the capsules which surround tin 1 cells. 

Under pathologic conditions the number of unusual cell types is greatly increased. This can 
best be seen in tabetic ganglia and alter the transplantation of the spinal ganglion in animals. 
I nder such conditions pericellular plexuses are formed around many of the cells as a result of 
the growth in circles around the cells ol new-lonned fibers, which have sprouted from the cell 
body or the adjacent portion ol the axon or from an adjacent cell. It now seems probable that 
the atypical cells seen in normal ganglia represent proliferative activity on the part of a few 
isolated neurons in response to some disturbing influence. Pericellular plexuses are rare in strictly 
normal ganglia and it is doubtful if any of them represent the termination of fibers entering the 
ganglion from the sympathetic system (Cajal. lfHS: de Castro. 1 J)3-2; Barris. 1934). In fact peri¬ 
cellular plexuses were found to be more elaborate and more numerous than normal in animals from 
which the sympathetic chains had been previously removed (Clark. 1933). 


The fiber bundles of the ganglia arc composed of both myelinated and tin- 
myelinated fibers representing the branches of the axons of the spinal ganglion 
cells. Both types of fibers can be followed through the dorsal roots into the spinal 
cord, as well as distally into the nerves. In the latter thev mingle with the large 
myelinated fibers coming from the ventral roots. When traced distally in the 
peripheral nerve the unmyelinated fibers are found to go in large part to the 
skin, though a few run in the muscular branches (Hanson and Davenport. 1931; 
Duncan, 1938). Their ultimate termination is in the various sensory endings of 
the skin and deeper structures. By knowing the function of a particular nerve 
its histologic picture in terms of fiber types may be predicted and conversely 
some knowledge of the function of a particular nerve may be obtained by 
examining its fiber content. 

Functional Classification of Nerve Fibers. Many years ago Sir Charles 
Bell (1811. 1844) showed that the dorsal roots are sensory in function and the 
ventral roots motor; this-has been known since then as Bell’s law. He recognized 
that sensory and motor fibers are distributed to the viscera as well as to the rest 
of the body. But Gaskell (188(1) was the first to make a detailed study of the 
nerve fibers supplying the visceral and vascular systems. We now recognize in 
the spinal nerves elements belonging to four functionally distinct varieties, 
namely, visceral afferent , visceral efferent , somatic afferent , and somatic efferent 
fibers (Fig. 109), all of which are classed as general in contrast to certain special 
ones in cranial nerves. 

The terms visceral and somatic refer to different areas of the body which 
are not sharply defined. It is customary to refer to areas about the endodermally 
derived alimentary tract and respiratory syslern as visceral as well as other 
obviously visceral structures derived from mesoderm, as the parts of the 
urogenital system. Custom also has included in the term all the vascular system 
with its involuntary muscle, and most if not all glandular structures. Somatic 
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refers primarily lo (lie celodermally (Waived covering ot tI k* body and the* 
voluntary muscle derived Irom myotonies. Naturally those areas overlap and a 
few conflicts arise. For example, the sweat glands are derived Irom eclodeiin but 
;ire “visceral in nervi* supply. The terms are nsetnl lor description in spite ol 
sneli eonfliels. 

Visceral Components. Visceral efferent fillers are those innervating in¬ 
voluntary muscle and glands. Between tin* central nervous system and the 
visceral efleclor there* extends a Iwo-nenron chain, the* limbs ot which aie mimed 
in relation lo the peripheral ganglion, and according to the direction taken liy the 
norve impulse's, as pvc- and poutyuiif/hoiiic ne'iirons. I lie* evil hotly eit the* piegang- 
liomc neuron lie's within the* e*e*ntra 1 nervous system. Its axon is small and 
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Figure 109. Diagnunnialic section through a spinal nerve anti the spinal eortl in the thoracic region 
to illustrate the chief functional types of peripheral nerve fibers. 

myelinated and extends out through one ot the spinal nerves to an autonomic 
ganglion lo synapse there with one or more postyanyhoiuc neurons, the axons 
of which extend lo the particular structures innervated. Visceral efferent fibers 
leave tin* spinal cord by all of the thoracic and the upper four lumbar nerves 
(i. e., those spinal nerves possessing white rami commnnicantcs) and by way of 
the second, third, and fourth sacral nerves. Those from thoracic and lumbar 
nerves enter the sympathetic trunk, and those from the sacral nerves are carried 
by visceral branches lo the pelvic plexuses. 

The neurons of the sympathetic ganglia with which the preganglionic visceral 
efferent fibers synapse give rise lo unmyelinated postganglionic visceral efferent 
fibers some of which run in visceral nerves lo the smooth muscle and glandular 
tissue of viscera and some of which ('liter each spinal nerve via the gray rami 
commnnicantcs. These fibers are distributed through the peripheral branches of 
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lh<‘ spinal nerves to smooth muscle and glandular tissue, especially to the sweat 
glands and to the smooth muscle in blood vessels and about hair follicles. The 
\iscciul components ot the spinal nerves will be considered further in the 
chapter on the* Autonomic Nervous System. 

Somatic Efferent Components. The skeletal muscle's are innervateel by 
myelinated fibers, which are, for the most part, of large caliber. The axis 
cylinders of these fibers are the axons of cells located in the ventral part of the 
gray matter of the spinal Corel, and they end on the muscle fibers in special motor 
end /dates. Such a primary motor neuron is illustrated in Fig. 8(i. A motor fiber 
unelugoes iepe*atc*el ehxision as it approaches its termination, and eaeli anterior 
hoiu cell ma\ mneivatc therefore as many as 100 to 400 individual muscle fibers 



I IGURE 110. Nerve endings in striated muscle. A and B, Motor end plates in niusele fibers from 
a lizard in profile and surface views: a. sareolenima: p. branch of axon. Beneath this is a layer of 
granular sarcoplasm containing a number of nuclei. In B the ramifications of the unstained axon 
are seen spreading from the termination of the niedullaled fiber (Kiilnie in Quoin's Anatomy). 
(\ Motor end plate on a muscle fiber of a mole: ni.n. Ramification of axon: xo.pl.. specialized 
sarcoplasm containing nuclei and the periterminal net. p.ti. (Boeke in l’enfield's Cvtolixw and 
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which can be considered as physiologic motor units. The muscle fibers con¬ 
stituting one of these units are intermingled with fibers of adjacent units (Feindel, 
19.54). Incidentally each voluntary muscle fiber is supplied with one and except 
in rare instances onlv one motor nerve ending 

In the net \ es to skeletal muscles that possess muscle spindles there are also 
some myelinated fibers smaller in caliber than the usual large ones to the motor 
end plates of the main mass of muscle fibers. These smaller fibers innervate the 
small intrafusal muscle fibers of the spindle which through their varying tensions 
aid in giving proprioceptive information to the central nervous system (Kuflicr, 
Hunt, and Quilliam, 19,51). 

The idea that skeletal muscle fibers are-innervated by nerve fibers from 
sympathetic ganglia, which had supporters for a time, has been successfully 
disproved (Flinsey, 1947). Each branch'of a motor nerve fiber retains its myelin 
sheath until it reaches the muscle fiber to be innervated. At this point this sheath 
terminates abruptly, and the neurilemma becomes continuous with the sarco- 
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lemma (Fig. 110). The terminal branches of the axon are short, thick, and 
irregular. They lie immediately under the sarcolemma in a bed of specialized 
sarcoplasm containing a number of large clear nuclei. The wave of activation, 
which travels down an axon as a nerve impulse, is transmitted through these 
motor nerve endings to the muscle and initiates a contraction. 

Since the branching axon of the anterior horn cell is the only source of stimuli 
to skeletal muscle fibers, destruction of an anterior horn cell or disruption of its 
axon results in paralysis of the muscle fibers supplied by it. In poliomyelitis the 
anterior horn cells are attacked. If an anterior horn cell is destroyed its axon 
dies and no regeneration of this neuron occurs. Disruption of motor fibers in 
peripheral nerves, however, may be followed by regeneration from the point of 
section distalward and restoration of nerve supply to the affected muscles. If 
muscle fibers are permanently deprived of their nerve supply they undeigo 
atrophy. But a denervated muscle may have its function restored any time before 
complete atrophy by the ingrowth of motor nerve fibers arising from the original 
or some other motor nerve cells. 

Classification of the Somatic Afferent Fibers According to Function. Sher¬ 
rington (1906) in an instructive book on l he Integrative Action of the iSci\ous 
System" has furnished us with a useful classification of the elements belonging 
to the afferent side of the nervous system. He designates those carrying impulses 
from the viscera as interoceptive, and subdivides the somatic afferent elements 
into exteroceptive and proprioceptive groups. The exteroceptive fibers carry 
impulses from the surface of the body and from such sense organs, as the eye 
and ear, that are designed to receive stimuli from without. These fibers, there¬ 
fore, are activated almost exclusively 7 by external stimuli. The proprioceptive 
fibers , on the other hand, respond to stimuli arising within the body itself and 
convey' impulses from the muscles, joints, tendons, and the semicircular canals 
of the ear. Each group has receptors or sensory 7 endings designed to respond to 
its appropriate set of stimuli, and for each there are special connections within 
the brain and spinal cord. 

All are of value to the individual in keeping the body 7 oriented in its 
environment. The proprioceptive or kinesthetic system of receptors is oriented 
to tensions on muscles, tendons and related structures within the body 7 . 
The vestibular syxstem is oriented to changes in the gravitational field while the 
visual and auditory systems are oriented to stimuli arising more or less at a 
distance from the body. 

Exteroceptive fibers and sensory endings are activated by 7 changes in the 
environment, that is to say 7 , they 7 are stimulated by objects outside the body 7 . 
The impulses, produced in this way and carried by these fibers to the spinal 
cord, call forth for the most part reactions ot the body 7 to its environment; and, 
when relayed to the cerebral cortex, they 7 may 7 be accompanied by sensations 
of touch, heat, cold, or pain. The receptors are, for the most part, located in the 
skin; yet it is convenient to include in the exteroceptive group the pressure 
receptors which are closely 7 allied to those for touch, but which lie below the 
surface of the body. At this point it should be noted that sensibility to those 
forms of contact which include some slight pressure, such as the placing of a 
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fiiigei on the skin, is not abolished by tlie section of all of the cutaneous nerves 
£oing to the area in question, since the deeper nerves carry fibers capable of 
responding to such contacts (Head. 1905). This deep contact sensibility, which 
for lack of a better name we may call “pressure-touch,” must not be overlooked 
in the analysis of cutaneous sensations. 

The balance of evidence is in favor of the assumption that each of the 
varieties of cutaneous sensation is mediated by a separate set of nerve fibers. 
We know that both myelinated and unmyelinated fibers of dorsal root origin are 
present in the cutaneous nerves (Ranson and Davenport, 1981). It is well 
established that the larger myelinated fibers mediate touch and that even when 




Figure 111 . 1 wo diagrams of the same forearm showing areas of anesthesia following alcohol 

block ol peripheral nerves and subsequent partial return of innervation. The dissociation of specific 
sensitivities is indicated by the outlined areas. The upper figure represents the state a few weeks 
after the nerve injection and the lower figure the same arm seven weeks later. (After Lanier, Carney 
and Wilson.) 


these fibers are made to function at their maximum capacity the impulses which 
they carry do not give rise to pain. Information concerning the fibers mediating 
temperature sensation is less definite, but they are probably of the small myeli¬ 
nated variety. Temperature changes have been shown to excite nerve fibers, 
cooling causing excitation of the large ones, and warming activating the non- 
medullated and the d-afferent fibers. According to the best available evidence, 
pain is conveyed by the fine myelinated and unmyelinated fibers. 

Observations on the restoration of function by the regeneration of injured 
peripheral nerves support the belief that specific nerve fibers and endings are 
responsible for reception of impulses of specific sensations. For example in the 
carefully controlled experiments upon nerves in their own arms, Lanier. Carney, 
and Wilson (1935) demonstrated the selective return of specific sensations of 
touch, pain, and temperature independently of each other (Fig. 111). 
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All sensory nerve endings in I lie skin subserve cxleroccplivc 1 unctions. On 
slruclnra 1 grounds they may lx* < 11i< 1 c v < 1 into three j)i iii( i]>«i 1 giotips. (1) ( ndm^s 
in ln,ir lollirlos, (2) oiu;<p.snl.iU-.l m-ivo endings, :m<l (:!) free Imniiuilioiis in the 

epidermis. 

Free Nerve landings. Some of the myelinated fibers as they apj)roaeh then 
terminations divide repeatedly. At first the branches retain their sheaths, but 
after many divisions the myelin sheaths and finally the neurilemma are lost and 
only the naked axis cylinders remain. These enter the epidermis, where, after 
further divisions, they end among the epithelial cells (Fig. 1 F2). This, type of 
nerve ending is found in the skin, mucous membranes, and cornea. Similar end- 
in<» s are also found in the serous membranes and intermuscular connective tissue. 


A 



Kkhki: I hi. Five nerve endings in the epidermis ot ;i cals paw. A. Stratum corueum. B. 
stratum germinativum Malpigliii. and C. its deepest portion: a. large nerve trunk: b. collateral fibers; 
c, terminal branches: <L terminations among the epithelial cells. Golgi method. (Cajal.) 

We do not know what form the endings ot tin' afferent unm\elmaled fibets 
may lake, but it is not unlikely that they also ramify in the epidermis like the 
terminal branches of the myelinated fibers just described. It seems certain that 
at least a part of the free nerve endings in the epidermis are pain receptors. In 
the central part of the cornea, the tympanic membrane, and the dentine and pulp 
of the teeth, such fret* nerve endings alone art* present, and pain is the only 
sensation that can be appreciated. It seems probable that pain is mediated also 
by unmyelinated fibers that give accessory innervation to encapsulated endings 
which are supplied primarily with myelinated fibers for reception of sensation 

other than pain. 

It appears that pain fibers in the skin can be stimulated by being shelched. 
A cut which breaks tin* integrity of the epidermis allows distortion of the 
relations more readily; movement ot the edges of even a slight cut gi\es iise to 
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pnm. and though cutting tlirough a viscus is painless, stretching its tissues may 
give rise to severe pain. 

I nin perception in the skin usually results from the stimulation of more than 
one nerve ending since there is an overlapping mosaic of nerve terminals. In 
regions partially denervated, as in scars or where the nerve fibers have partially 
regrown after injury, the sensation of pain in response to needle-prick may have 
an unnatural unpleasant quality. This is said to he due to the stimulation of 
pam endings that were isolated from neighboring ones (Weddell. Sinclair and 

heindcl, 15)48; Bishop. 1940). For additional discussion of the characteristics of 
pain see pp. 425-430. 

Some of the nerve fibers which enter the epidermis end in disk-like expan¬ 
sions in contact with specialized epithelial cells. The expansions have been known 
as Merkel s tactile disks, and there is evidence that these also arc touch receptors. 

Encapsulated Nerve Endings. Among the encapsulated nerve endings are 
the corpuscles of Meissner (Fig. 113, A ). These have quite generally been regarded 
as tactile end oigans and are located m the 1 eornim or suhepiderinal connective 
tissue of the hands and feet, forearms, lips, and certain other regions. They are 
of large size, oval, and possess a thin connective tissue capsule. Each receives 
one or more large myelinated fibers (two to nine according to Cauna, 1950). 
which lose their myelin sheaths as they enter the capsule. They make a variable 
number of spiral turns and break up into varicose branches which form a com¬ 
plex network. The spiral turns give the corpuscle a striated appearance under low 
magnification. There is also an accessory innervation of the corpuscle by one or 
more unmyelinated branches of thin myelinated fibers. To another type of 
encapsulated end organ belong those known as the end bulbs of Krause. One of 
these is illustrated in Tig. 113, B. They are found in the conjunctiva, edge of 
the cornea, lips and some other localities. 

Histologic observation does not allow the determination of function of a 
nerve ending but may give evidence of it when used with other data. Study of 
specific points of sensiti\ lty on the' human skill and subsequent histologic* search 
for nerve endings of various types in the same piece of skin has resulted in 
associating end organs like those of Ruffini with heat perception, and those of 
Krause with cold perception. By careful recording of the time of conduction of 
thermal changes through tissue and the appearance of impulses in the nerve 
fibers activated by cooling and rewarming, it was shown that the endings 
responsive to cooling lie 0.18 mm. below the surface (in the cat's tongue), which 
is in accord with histologic studies (Ilensel el ah. 1951). 

1 he Pacinian corpuscles , two ot which are illustrated in Fig. 113, have a very 
wide distribution in the deeper parts of the dermis of the hands and feel, and in 
association with tendons, intermuscular septa, periosteum, peritoneum, pleura, 
and pericardium. "They arc also numerous in the neighborhood of the joints. 
Because of their deep location and frequenj, association with the joints and 
tendons they probably serve for the perception of movement (proprioceptive 
function) and of pressure as distinct from light touch (exteroceptive function). 
They are large oval corpuscles, made up in great part of concentric lamellae of 
connective tissue. The axis of the corpuscle is occupied by a core containing the 
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terminal ion of a nerve fiber. Each corpuscle receives m addition to one or mole 
nnmvelinalcd libers a single thick fiber that loses its myelin sheath as it enteis 
the core, through which it passes from end to end. and terminates ill a sbg ' 
expansion. Side branches are also given ofl within the core. 



Figuke 113. Encapsulated sensory endings, A , 
Krause from conjunctiva of man; C and D, Pacinian 


Meissner’s tactile corpuscle; B , end bulb Oi 
corpuscles, Methylene blue stain. (Dogiel, Sala, 


Bblmi-Davidofl, Huber.) 


Tissues vary somewhat in the nerve endings supplying them both as to 
location and types of endings. Details of the arrangement and distribution of 
neuroLeiidinous endings, Pacinian corpuscles and bare endings in the neighbor¬ 
hood of tendons and muscles have been worked out by Stillwell (19.57) and in 
the retroperitoneal tissues by Takashi ct al. (1955). 
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Nerve Endings in the Hair Follicles. It lias long been known that the hairs 
are delicate tactile organs. The hair-clad parts lose much of their responsiveness 
to touch when the hair is removed. As would be expected on these grounds, the 
hair follicles are richly supplied with nerve endings. Just below the opening of 
the sebaceous gland into the follicle myelinated nerve fibers enter it, losing their 
myelin sheaths as they enter. They give off horizontal branches, which encircle 



Figure 114. N erves and nerve endings in the skin and hair follicles: list. Stratum eorneum: 
rm, stratum germinativum Malpighii; c, most superficial nerve fiber plexus in the cutis; n, cutaneous 
nerve; is, inner root sheath of hair; as, outer root sheath; h, the hair itself; dr, glandulae sebaceae. 
(Retzius, Barker.) 


the root of the hair, and from these arise ascending branches (Fig. 114). Some of 
these are connected with leaf-like expansions, associated with cells resembling 
Merkel's touch cells. > 

Proprioceptive Fibers and Sensory Nerve Endings. To this group belong 
the afferent elements which receive and convey the impulses arising in the 
muscles, joints, and tendons. Changes in tension of muscles and tendons and 
movements of the joints arc adequate stimuli for the receptors of this class and 
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( ‘xcit<* m*rv(‘ impulse's which, on reaching the central nervous system, give' infor- 
malion concerning lensie)n e>t the muscle's and the relative* position <>t the \aiions 
parts e>f the* l>e»ely. For the most part, he)wcvcr, these impulses ele> not rise' into 
consciousness, hut serve* for the sul)ee)nseie)us eonli'ol ot musenlar activity. I lie 
unsteaelv <*’;iit ol a tahelie patient illuslrale's 11 1 c* lack e>t mnseulai eontiol that 
results when these impulses are prevented from reaching the central nervous 
system. 

'Pile proprieieeptive* fibers are myelinateel and are associated with motor fibers 
in the nerves le> the muscles. Senile follow along the muscles to reach the' tendons. 
Three type's of cnel organs belong to this group, Pacinian corpuscles, muscle 
spindles, and nenmtenelinous cnel organs. Many Pacinian corpuscles are founel m 
the* neighborhood of the joints. They have been described in a preceding 
paragraph. 

Xeckomusc'FIjAh End Okcjans. The afferent fibers te> the muscles e'lid on 
small spindle-shaped bundles of specialized muscle fibers (Fig. 115). These muscle 
spindles are invested by connective tissue capsules, and within each of them one 
or more large myelinated nerve fibers terminate. Within the spindle the myelin 
sheath is lost and the branches of the axis cylinders wind spirally about the 
specialized muscle fibers, or they may end in irregular disks. These muscle fibers 
receive also a somatic motor innervation (llinsev, 19 c 27). The motor nerve fibers 
innervating the intrafusal muscle fibers are ot the smaller myelinated variety and 
are quite numerous, constituting as much as one-fourth of the outflow in the 
lumbosacral ventral roots (Kuffler, Hunt, and Quilliam, 1951). Where muscle 
spindles are few in number or entirely absent, as tor example in the ocular 
muscles, the sensory fibers terminate in noil-encapsulated endings upon the 
surface of ordinary muscle fibers. Structures somewhat analogous to the muscle 
spindles are the ncurotcudiuous end organs or tendon spindles where myelinated 
nerve fibers end in relation to specialized tendon fasciculi. 

Analysis of afferent impulses passing by way of muscular nerves to the dorsal 
root ganglia reveals two types. Afferent impulses from the muscle spindles are set 
up on contraction of the muscle but diminish in number as the muscle contraction 
is maintained, while impulses from stretch receptors in tendons increase during 
contraction of the muscle. 

Sensation. Some generalizations may now be made concerning the functions 
of the different types of sensory nerve endings found in or immediately beneath 
the skin. Fain is almost certainly mediated by free nerve endings in the epithe¬ 
lium. The most important tactile receptors are the hair follicles and Meissners 
corpuscles. For most of the skin covering the body and extremities the hair- 
follicles are said to be the only end organs serving this purpose, and each spot 
sensitive to touch is situated at the base of a hair. Flic hairless skin of the palmar 
surface of tin* hand and fingers is supplied with specialized tactile end organs 
in the form of Meissner's corpuscles. In other places, such as tin* skin ot the pigs 
snout and the human prepuce, uneiicapsulaled plates and disks in contact with 
epithelial cells serve the same purpose. Firm contacts producing some deformation 
of the skin may stimulate Faeinian corpuscles giving rise to sensations ot pres¬ 
sure. In certain regions at least, cold seems to be mediated by Krause s end bulbs 
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I'icikr 11.5. Neuromuscular nerve end organ from a dog. The figure shows the intrafusal 
nmsele filters, the nerve fibers and their terminations, hut not the capsule nor the sheath of lleide. 
Methylene blue stain. (Huber and l)e Witt.) 


and llu*iv is some evidence that llie corpuscles of Rnflini may he sensitive to 
warmth. In the skin hv punctate stimulation (and penetration) with a sharp 
needle different points may he found whiclTwhen stimulated yield sensations of 
touch, pressure, cold, warmth, and pain like those elicited hv contact with 
ordinary objects. Tempera lures within .5° 0. of'the skin's temperature are not 
recognized as different. 

While a carefully controlled stimulus to a pain spot on the skin of 


ie arm 
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and hand seems to elicit a single sensation, painful punehire of the skin is 
characterized by two sensations. The first is abrupt, brief, and only slightly 
painful and is elicited when the skin is penetrated only a quarter of a millimeter, 
the second is a delayed pain of increasing intensity, giving the sensation o 
stinging, occurring after penetration of about 1 mm. and reaching its maximum 
a second or two after the stimulus. In different areas these two portions ot the 
painful stimulus may be blended or recognized separately (Weddell, (.utlmann, 
and Gu It maun, 1941). In tabetics there may be quite a long delay in the per¬ 
ception of a painful sensation on peripheral stimulus. Gowers having observed 
a delay as long as seven seconds. Two types of pain have also been described for 
deep fascia, tendons and periosteum (Weddell and ilarpman, 1940). 

As Gasser (1997) has pointed out. because of the different rates of conduction 
in large and small fibers the times of arrival at the spinal cord of various sensory 
impressions of a painful injury to the foot are very different. 1 he first impulse m 
terms of contact, travelling over the rapidly conducting large fibers connected 
with tactile endings, would arrive at the spinal cord in a little over one hundredth 
of a second: the impulses over the fastest pain fibers would reach the cord m 
about four hundrclhs of a second: and over the slowest conducting fibers in 
about one and a half seconds. The first feeling of pain as judged by the time of 
arrival of the impulse in conscious regions would not occur until half a second 
after the stimulus. Incidentally, by this time reflex responses of skeletal muscle 
in the limb could have occurred. 

The interpretation of particular sensations is a central, probably cortical, 
phenomenon. The paths in the cord and brain stem, though mingling their fibers 
in instances, convey the impulses received from the specific peripheral endings 
and nerves. Section of separate pathways in cord and brain stem can abolish 
specific sensations over restricted areas, leaving other types of sensation intact. 

Specific sensations are conveyed from the periphery by separate nerve fibers 
and indeed can be elicited by stimulation of a sensory nerve trunk (with greater 
intensitv in one regenerating after peripheral section), but the sensation is 
referred to the area of distribution of the nerve. A single sensory nerve fiber 
derived from a cell of a cerebrospinal ganglion divides at its peripheral end and 
supplies several endings spread over a macroscopic area on the surface and 

occupying appreciable depth of tissue. 

The arrangement of such a sensory unit and its relation to adjacent similar 

units concerned with other sensory modalities is important in the 1 interpi etation 
of ordinary sensations. Tactile localization and discrimination, for example, for 
which there are no specific end organs, may depend upon the geometric pattern 

of tactile and other endings stimulated. 

It may well be that tin* endings and nerve fibers are not so specific as have 
been considered. For example, it is possible that there are no specific types of 
endings for cold perception as compared with warmth. Touch also is used loosely 
to mean evidence of contact or pressure, or disturbance of a hair. For interpre¬ 
tation, more exact clinical observations are needed (Sinclair, 195a). 

Visceral afferent fibers an* found in the ninth and tenth cranial nerves and 
in many of the spinal nerves, especially in those associated with the while rami 
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(thoracic and upper lumbar nerves) and in the second, third and fourth sacral 
nei\es. these afferent fibers take origin from cells in the cerebrospinal ganglia 
(hig. 11(5) from which the fibers run through the corresponding cerebrospinal 
nerves to the autonomic nerves and ganglia, through which they pass without 
intenuption to end in the viscera. J hesc fibers are of all sizes, including large and 
small myelinated fibers and many which arc unmyelinated (Chase and Hanson, 
1914; Hanson and Billingsley, 1918). 

1 he afferent impulses mediated by these fibers serve to initiate visceral 
lcflexcs, and for the most part remain at a subconscious level. Such general 

o 



Figure 110. Diagrammatic section through a spinal nerve and the spinal cord in the thoracic region 
to illustrate the chief functional types ol* peripheral nerve fibers. 


visceral sensations as we do experience are vague and poorly localized. Tactile 
sensibility is entirely lacking m the viscera, and thermal sensibility almost so, 
although sensations of heat and cold may be experienced when very warm or 
cold substances enter the stomach or colon (Carlson and Braafiadt, 191.5). Pain 
cannot be produced by pinching or cutting the thoracic or abdominal viscera. 
Acute visceral pain may, however, be caused by disease, as in the passage of a 
stone along the ureter. Tension on visceral structures is an adequate stimulus for 
pain and tension may be produced by overstretching or by excessive muscular 
contraction. When tissues are inflamed or edematous the threshold for pain is 
lowered. 


Afferent impulses from splanchnic nem\s have been traced in the cat through 
fasciculus gracilis and medial lemniscus to the thalamus and also by way of paths 
in the region of the spinothalamic tracts. 
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The Autonomic Nervous System 


The autonomic nervous system is an aggregation ot ganglia, nerves, and plexuses, 
through which the viscera, glands, heart, and blood vessels, as well as smooth 
muscle in other situations, receive their innervation. As illustrated in Fig. 117 it 
is widely distributed over the body, especially in the head and neck and in the 
thoracic and abdominal cavities. 

The most conspicuous parts of the autonomic system are the sympathetic 
trunks —two nerve cords extending vertically through the neck, thorax, and 
abdomen, one on each side of the vertebral column (Fig. 117). hach trunk is 
composed of a series of ganglia arranged in linear order and bound together by 
short nerve strands. 

It has been customary to consider visceral innervation under the heading of 
sy m path die nervous system , as if it were something which acted companionable 
but apart from the rest ot the nervous system. Xo doubt several factors were 
responsible' tor this artificial separation, the carls anatomists could sec the 
separate chains of ganglia alongside the vertebrae constituting the sympathetic 
trunks, and nerves running from them to the viscera but could not in the absence 
of histologic knowledge appreciate the intimacy of their connection with the 
central nervous system. 

In addition there was the apparent independence of the visceral activity from 
the will of man. However, with increasing knowledge, centers concerned with 
visceral activity have been located successively m the spinal cord, the brain stem, 
and upward to the very cortex ot the cerebrum itself. On the side of function, it 
has also become evident that, while visceral control is reasonably automatic and 
while certain phases of it can continue in the absence of central connections, 
powerful influences are exerted upon visceral function from high levels in the 
central nervous system when the connections are intact. It is also of significance 
that numerous reflex paths exist which involve visceral and somatic neurons at 
the same time. 

A brief contemplation of ordinary physiologic occurrences is convincing 
evidence of the fact that the autonomic nervous system does not work apart 
from the rest. By looking at this page at will instead of at a distant view from the 
window the smooth muscles in the ciliary body and iris are made to contract 
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lo acTomniodiito the eye for near vision; by swallowing food (lie smooth muscle 
in the lower esophagus is set into peristaltic activity. Pinching the cheek will 
(<uis(' the pupil to dilate and a sudden loud noise perceived through the* extero¬ 
ceptive mechanism of the ear may cause the heart to speed up. It is rare to see 
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Fkm kk 117. The autonomic nervous system. (Schwalbe, Herrick.) 

direct control ot smooth muscle but an occasional person can be found who can 
make the hair on his arm erect at will. Strong feeling, worry or excitement, 
commonly interferes with digestive function's, and so-called “tension headaches" 
which have their visceral factors are all too common. Such matters familiar for 
centuries to medical men and healers generally, and long recognized by the 
psychiatrists, have been brought into medical consciousness lately under the 
heading of psychosomatic medicine. 
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Following I lie analysis of many analomie pathways in llie so-called sympa¬ 
thetic syslcin (Langley, IS9T, Midler, 11)09) and lhe unravelling of functional 
influences on various viscera! sirncl 11 r<*s (smooth muscle, cardiac mus< le, glands), 
it became apparent that there were two more or less antagonistic patterns in the 
motor innervation of viscera. There were found to be preganglionic visceral 
efferent fibers in the thoracic and upper four lumbar nerves passing by way of 
white rami communicanles to the sympathetic trunk and ganglia, and other pre¬ 
ganglionic visceral efferent fibers in cranial nerves 9, 7, 9, 10, and 11 and sacral 
nerves l 2, 9, and 4, passing directly with these nerves to peripherally located 
ganglia. The visceral efferent fibers of the thoracic and lumbar nerves when 
stimulated were found to have effects upon viscera that were different from, and 
in many cases opposite to, those of the visceral efferent fibers of cranial and 
sacral nerves. Though not entirely accurate it may be stated that the effect of 
the autonomic outflow from thoracic and lumbar nerves is to prepare the animal 
for emergency action, while the cranial and sacral outflow aie in goncial 
concerned with conservative vegetative functional states. 

The outflow from the thoracic and lumbar regions because of the relation 
with the sympathetic trunk was termed at first the sympathetic system and the 
outflow from cranial and sacral nerves was termed the parasympathetic system. 
Confusion has resulted in this use of the name “sympathetic system” to mean 
either the entire visceral nerve supply or merely the efferent part of it leaving 
the cord with thoracic and lumbar spinal nerves. Langley, whose contributions 
were largely responsible lor the functional distinctions, proposed that the 
descriptive terms t/ioracicolumbar and craniosacral divisions ot the autonomic 
system be substituted for sympathetic and parasympathetic system, and these 
terms have been adopted by most recent workers in the field of neurology. 

Visceral Efferent Neurons. The term autonomic nervous system is merely a 
convenient designation of the entire groups ot general visceral efferent fibers, 
which innervate the smooth muscle, cardiac muscle, and glands ot the body. 
The motor innervation of these structures, in contrast to the innervation of 
skeletal muscle in which a single neuron extends from the central nervous system 
to the muscle fiber, is by a two-neuron chain made up of a preganglionic neuron 
with its cell body in the central nervous system and a postganglionic neuron 
with its cell body located in some autonomic ganglion. The axon of a preganglionic 
neuron synapses with one or more postganglionic neurons in a ganglion; the 
axon of a postganglionic neuron ends in relation to muscle or gland cells. 

This important information we owe to Langley (1900 and 1909), who showed 
that the injection of proper doses ot nicotine into rabbit prevents the passage 
of impulses through the autonomic ganglia, although an undiminished reaction 
may be obtained by stimulation of the more peripheral visceral nerves. By a long 
scries of experiments Langley has shown that there are always two and seldom, 
if ever, more than two neurons concerned in the conduction ol an impulse from 
flic central nervous system to smooth muscle or glandular tissue with the 
exception of the adrenal medulla. ’This tissue, which is derived cmbryologically 
from the same source (neural crest) as the neurons ot the autonomic ganglia, 
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receives its nerve supply by axons arising from nerve cells within the intermedio- 
lateral column of the spinal cord (Fig. 124). 

Preganglionic neurons have their cell bodies located in the visceral efferent 
column of the cerebrospinal axis. The cells are smaller than those of the somatic 
motor column and contain less massive XissI granules. From these cells arise the 
small myelinated visceral efferent fibers which run through the cerebrospinal 
nerves to the autonomic nervous system and terminate in the autonomic ganglia 
(Fig. 110). 

Postganglionic neurons have their cell bodies located in the autonomic 
ganglia. In fact, these cells, with their dendritic ramifications and the terminal 
branches of the preganglionic fibers synaptieally related to them, arc the essential 
elements in the ganglia. Their axons for the most part remain unmyelinated and 
run as Remak's fibers through the visceral nerves and plexuses, to end in relation 
with involuntary muscle or glandular tissue. A very few postganglionic fibers 
acquire delicate myelin sheaths. 

Such is, in brief, the principle of visceral innervation on its motor side. The 
term autonomic does not include the sensory side of visceral innervation by 
definition. Viscera are well supplied with afferent nerve fibers, the arrangement 
of which is essentially like that of somatic afferent fibers. 


THE AUTONOMIC GANGLIA 

The autonomic ganglia may be grouped into three series: (1) the ganglia 
of the sympathetic trunk, arranged in linear order along each side of the vertebral 
column and joined together by short nerve strands to form the two sympathetic 
trunks: (2) collateral ganglia, arranged about the aorta and including the celiac 
and mesenteric ganglia: and (8) terminal ganglia, located close to or within the 
structures which they innervate. As examples of the latter group there may be 
mentioned the ciliary and cardiac ganglia and the small groups of nerve cells in 
the myenteric and submucous plexuses (Fig. 128). 

The nerve cells of the autonomic ganglia are almost all multipolar, but there 
are also a few that arc unipolar or bipolar. Each cell is surrounded by a nucleated 
membranous capsule. jSome of the dendrites ramify beneath this capsule and 
are designated as inlraeapsular. Others pierce the capsule, run long distances 
through the ganglia, and are known as extracapsular dendrites. 

Intracapsular dendrites are numerous in the autonomic ganglia of man. but 
rare in those of other mammals. Beneath the capsule these dendrites may form 
an open network more or less uniformly distributed around the cell (Fig. 118, 0), 
or they may be grouped on one side of the cell, causing a localized bulging in the 
capsule (Fig. 118, A, a). Such a localized mass of subcapsnlar dendrites with 
interlacing branches is known as a glomerulus. Following Cajal's classification we 
may distinguish four types of glomeruli according to the number of neurons 
whose dendrites enter into their formation*! namely: unicellular (Fig. 118. .1, a). 
bicellular, triccllular (Fig. 1 18, B). and multicellular glomeruli. Short intraenp- 
sular dendrites with swollen ends are sometimes’presenl in the autonomic ganglia 
of mammals. 
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Extracapsular dendrites pierce the capsule, run for longer or shorter distances 
among the cells, and help to form an intercellular plexus of dendritic and axonie 
ramifications (Fig. 118. A). Such dendrites from two or more cells may be 
associated in a common bundle, called a protoplasmic tract by de Castro (1932), 
within which they give off branches and synapse with preganglionic fibers. 

Dof-iel (1890) thought that the cells possessing the longest <len<lrites were seusorv, but Cajal 
n«)ll) could find no evidence for this, and was unable to trace any of them from the ganglia and 
associated nerves to the viscera. More than one pattern of Nissl granule arrangement has been 
demonstrated in autonomic neurons but this does not imply sensory function in any of them. 
1 hysiologie evidence does not support the idea of afferent neurons in autonomic ganglia. 

The axons of autonomic ganglion cells are the postganglionic fibers which 
relay the visceral efferent impulses to the innervated tissue. They are usually 
unmyelinated but a few of them acquire thin myelin sheaths. Much thicker than 
the branching terminations of preganglionic fibers, they can only with difficulty 
be differentiated from long extracapsular dendrites. The axons seldom arise 
directly from the cell body, but rather from the side of a dendrite. They usually 
gi\e ofl no collaterals (de Castro, 1932). After running tor varying distances 
through the ganglion, they make their exit by one of its branches. If they arise 
m one of the chain ganglia they may leave it by joining a gray ramus, or a branch 
to a blood vessel, or they may run for some distance in the sympathetic trunk 
passing other ganglia before making their exit. 

I here is no anatomic evidence worth mentioning in favor of the existence of association neu¬ 
rons. uniting one autonomic ganglion with another or one group of cells with another within such 
a ganglion. Hut there is strong physiologic evidence against the existence of such association 
neurons (Langley. 11)00 and 1001); and Johnson (1918) has shown that none are present in the 
sympathetic trunk of the frog. Using histological methods, Samuel (19.33) found no evidence of 
intraganglionic intercalary cells in the rabbit superior cervical ganglion. 

Termination of the Preganglionic Fibers. It is well established that one 
pitganghonic fiber may be synaptically related to several postganglionic neurons, 
m some eases to as many as a dozen or more (Wolf, 1941). The spaces among the 
cells of a sympathetic ganglion are occupied by a rich intercellular plexus of 
dendritic branches and fine axons (Figs. 118, A \ 120). These axons represent the 
ramifications of preganglionic fibers and they degenerate when the connection 
between the ganglion and the central nervous system is severed (Hanson and 
Billingsley, 1918). They may be distinguished from the dendrites by their fineness 
and m p\ ridine-silver preparations also by their darker staining. Some of these 
fillers pierce the capsules surrounding the cells and form pericellular plexuses 
intertwining with the intracapsular dendrites. Others mingle with the dendrites 
in the protoplasmic tracts. Synaptic connections are established in the inter¬ 
cellular and pericellular plexuses and in the protoplasmic tracts. Occasionally 
fibers are seen ending in ring-like boutons on the surface of the cells. 

Termination of Postganglionic Fibers. ^Knowledge of the final terminations 
of autonomic fibers upon the effectors they supply is not complete. Smooth 
muscle is supplied with small knobbed endings which make contact or. according 
to Boeke, become embedded in the muscle cell near the nucleus. It is probable 
that not all smooth muscle cells are directly innervated, for although this appears 
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Fioche HO. Cells from ;i lumbar sympatlielic <ian<>'lion (eat) 1.) days after it had been trans¬ 
planted into an intercostal space. The intercellular plexus of preganglionic fillers has dropped out. 
Some of the finer fibers represent re<jeneratin<i processes (.J. \Y. Ward. I!)3(>). 




I'ioi in: HI. Nerve endings on smooth muscle cells of lI k* ciliary body in the eye. The end-knobs 

lit' near (he nucleus. 


lo be so iii lip* intrinsic muscles of Ihe mammalian eye (Fig. HI, Chirk, 1987 ), 
no such prolusion of endings lias been demonslraled in tlie smooth muscle of the 
gut wall nor the wall of blood vessels (Pallie, Corner and Weddell, 19 . 74 ). 

The details of innervation of cardiac muscle tire incompletely known though 
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the work of King (1999) would imply it was generously supplied with nerve fibers 
ending in knobs and loops. Special portions of it at least show numerous endings, 
which may he sensory. It is stated by Stotler and McMahon (194?) that only the 
conducting bundles of Purkinje fibers are innervated with motor fibers. 

Gland cells in many places show knobbed endings upon them but these have 
not been universally demonstrated. Stormont (ID^O) has distinguished between 
endings arising from the cranial division of the autonomic and others from the 
thoracicolumbar division in the salivary glands of rabbits, but these are on 
separate groups of cells, an arrangement comparable to the innervation of the 
intrinsic muscles of the iris. 
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Figvkk 1 ~ g Diagram showing the composition of vUccral nerves. Black lines, visceral afferent 
fibers: unbroken red lines, preganglionic visceral efferent fibers: dotted red lines, postganglionic 
visceral efferent fibers. 

Blood vessels receive numerous autonomic fibers and yet the terminations 
seem to be confined to those regions of vessels possessing muscle. 

The action of visceral effectors in most instances is that of large groups of 
cells, and, in the absence of direct innervation to each unit cell in gland and 
muscle, there is implied a method of spread of influence to the units not in 
contact with nerve endings. This need is supplied in some instances by the release 
of humoral substances in tin* tissue juice and other body fluids which activates 
or prolongs the action of visceral effectors'! -Bpincphrinc produced by the cells 
of the medulla of the adrenal gland is the best known example of such a 
substance. 

In the literature there is considerable discussion of a “sympathetic end 
formation" or “ground-plexus" which includes “pcrilcrininal net." which is 
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regarded by its exponents as the ultimate eonneelion between the nervous system 
and various tissues (Hooke, 194!); Kuntz and Xapolilano, 1 !);>(>; I Ion jin, 195(i). 
The identitiealion of these structures with nervous tissue has never been 
generally accepted. 

The two sympathetic trunks, extending from the level of the second cervical 
vertebra to the coccyx (Figs. 117, 12.*$), are symmetrically placed along the 
anterolateral aspects of the bodies of the vertebrae. There are <21 or <22 ganglia 
in each chain; and of these, .*> or 4 arc associated with the cervical spinal nerves. 
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10 or 11 with the thoracic, 4 with the lumbar, and 4 with the sacral spinal nerves. 
Every spinal nerve is connected with the sympathetic trunk of its own side by 
one or more delicate nerve strands, called rami communicantes (Figs. 117, 123). 

'to each spinal nerve there runs a gray ramus from the sympathetic trunk. 
The white rami , on the other hand, are more limited in distribution and unite the 
thoracic and upper four lumbar nerves with the corresponding portion of the 
sympathetic trunk. Each sympathetic trunk gives off branches to blood vessels 
and viscera. These branches enter into the formation of plexuses, most of which 
bear the names of the arteries they accompany. Those illustrated in Fig. 117 are 
the pulmonary, esophageal, cardiac, coronary, aortic, celiac, gastric, superior 
and inferior mesenteric, hypogastric, pelvic, and vesical plexuses. These all 
receive directly or indirectly fiber bundles from the sympathetic trunk. 



Fjccre 1 *-24. Diagram to show the pattern of innervation of visceral structures in comparison 
with somatic muscle. One somatic motor fiber supplies directly 100 to 200 muscle fibers; one pre¬ 
ganglionic visceral efferent fiber supplies 10 to 20 or more cells in an autonomic ganglion, each of 
which supplies several smooth muscle cells, from which the impulse for contraction spreads to other 
muscle cells. The adrenal medulla receives fibers directly from the spinal gray matter, ami by its 
secretion into the blood stream produces widespread sympathicomimetic action. 


Idle white rami consist of visceral afferent and preganglionic visceral efferent 
fibers directed from the central into the sympathetic nervous system. They con¬ 
tribute the great majority of the ascending and descending fibers of the sympa¬ 
thetic trunk (Fig. 122). While some of the fibers may terminate in the ganglion 
with which the white ramus is associated, and others run directly through the 
trunk into the splanchnic nerves, the majority of the fibers turn either upward 
or downward in the trunk and run for considerable distances within it (Fig. 123). 
The fibers from the upper white rami run upward, those from the lower white 
rami downward, while those from the intermediate rami may run either upward 
or downward. The cervical portion of the sympathetic trunk consists almost 
exclusively of ascending fibers, the lumbar and sacral portions of the trunk 
largely of descending fibers from the white *rgmi. The afferent fibers of the white 
rami merely pass through the trunk and its branches to the viscera. The pre¬ 
ganglionic fibers, with the exception of those which run out through the splanch¬ 
nic nerves, end in ganglia of the trunk. Here they enter into synaptic relations 
with the postganglionic neurons. The majority of the postganglionic neurons. 
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located in the ganglia ol the sympalliclic trunk, s(*11(1 their axons into the 
(/mi/ rami (Figs. 122). 

The gray rami are composed ot postganglionic fibers directed from llic sympa¬ 
thetic trunk into lho spinal nerves. These unmyelinated fibers, after joining the 
spinal nerves, are distributed with them as vasomotor, secretory, and pilomotor 
fibers to the blood vessels, the sweat glands, and the smooth muscle of the 
hair follicles. None go to skeletal muscle (llinsey, 192/; Wilkinson, 1929). 

The cervical portion of the sympathetic trunk consists of three ganglia bound 
together by ascending preganglionic fibers from the white rami. J he superior 
cervical ganglion is the largest ot the three ganglia and from it there are given 
off numerous gray nerve strands. These are all compost'd of postganglionic fibers 
which arise in this ganglion. They run to the neighboring cranial and spinal 
nerves, to which they carry vasomotor, pilomotor, and secrelon fibers, and to 
the heart, pharynx, and the internal and external carotid arteries (Figs. 117, 
129, 124). The most important of these branches of the superior cervical ganglion 
are the three following: (1) The superior cervical cardiac nerve, which runs from 
the superior cervical ganglion to the cardiac plexus, carries fibers to the heart. 
(2) The internal carotid nerve runs vertically from the ganglion to the internal 
carotid artery, about which its fibers form a plexus, known ;b the internal carotid 
plexus (Fig. 129). It is by the way of this nerve and plexus that the pupillary 
dilator fibers reach the eye (Fig. 280). (9) The branch of the superior cervical 
ganglion to the external carotid artery breaks up in a plexus on that artery. 
Continuations of this plexus extend along the branches ot that artery to the 
parotid, sublingual, and submaxillary salivary glands (Fig. 285). 

The middle and inferior cervical sympathetic ganglia are smaller. Among 
the branches from these ganglia we may mention the gray rami to the adjacent 
spinal nerves and the middle and inferior cardiac nerves to the cardiac plexus 
(Figs. 117, 129). 

The thoracic portion of the sympathetic trunk is connected with the thoracic 
nerves by the gray and while rami. In addition to the rami communicantes and 
some small branches to the aortic and pulmonary plexuses, there are three 
important branches of the thoracic portion of the sympathetic trunk known as 
the splanchnic nerves. These run through the diaphragm for the innervation of 
abdominal viscera (Figs. 117, 129). The greater splanchnic nerve is usually 
formed by branches from the fifth to the ninth thoracic sympathetic ganglia and 
after piercing the diaphragm joins the celiac ganglion. The smaller splanchnic 
nerve is usually formed by branches from the ninth and tenth thoracic sympa¬ 
thetic ganglia and terminates in the celiac plexus. The lowermost splanchnic 
nerve arises from the last thoracic sympathetic ganglion and terminates in the 
renal plexus. These splanchnic nerves, although they appear to be branches of 
the thoracic sympathetic trunk, are at least in major part composed of fibers from 
the white rami, which merely pass through the trunk on their way to the ganglia 
of the celiac plexus (Fig. 122). 

The Autonomic Plexuses of the Thorax. In close association with the vagus 
nerve in the thorax are three important visceral plexuses. The cardiac plexus lies 
in close relation to the arch of the aorta, and from it subordinate plexuses are 
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continued along the coronary arteries. It receives the three cardiac sympathetic 
nerves from the cervical portion of each sympathetic trunk, as well as branches 
from both vagus nerves (Figs. 117. 123). The preganglionic libers ot the vagus 
terminate in synaptic relation with the cells of the cardiac ganglia. They convey 
inhibitory impulses which are relayed through these ganglia to the cardiac 
musculature (Fig. 124). The cardiac sympathetic nerves contain postganglionic 
fibers which take origin in the cervical sympathetic ganglia; and they relay 
accelerator impulses, coming from the spinal cord by way ot the upper while 
rami and sympathetic trunk, to the heart (Fig. 123). 1 he pulmonary and 
esophageal pie.vuses ot the vagus are also to be regarded as parts ot the autonomic 
system (Fig. 123). 

The celiac plexus (solar plexus) is located in the abdomen in close relation to 
the celiac artery (Figs. 117, 123). It is continuous with the plexus which sur¬ 
rounds the aorta. Subordinate portions ot the celiac plexus accompany the 
branches of the celiac artery and the branches from the upper pait of the 
abdominal aorta. These are designated as the phrenic, suprarenal, renal, sper¬ 
matic or ovarian, abdominal aortic, superior gastric, inferior gastnc, hepatic, 
splenic, superior mesenteric, and inferior mesenteric plexuses. The celiac plexus 
contains a number of ganglia which in man are grouped into two large fiat 
masses, placed one on either side of the celiac artery and known as the celiac 
ganglia. These ganglia are bound together by strands which cross the median 
plane above and below this artery. Somewhat detached portions of the celiac 
ganglion, which lie near the origin of the renal and superior mesenteric arteiics, 
are known respectively as the aorticorcnal and superior mesenteric ganglia. In 
addition, there is a small mass of nerve cells in the inferior mesenteric plexus 
close to the beginning of the inferior mesenteric artery. This is known as the 
inferior mesenteric ganglion. The larger collateral ganglia do not contain all the 
postganglionic neurons since scattered ganglion cells occui m tlu pciiaitciial 
plexuses accompanying branches of celiac and mesentciic aileiies (Ivuntz and 

Jacobs, 1955). 

Premia <d ionic fibers reach the celiac plexus from two sources: namely, from 
the white rami by way of the sympathetic trunk and splanchnic nerres and from 
the vagus nerve (Fig. 123). Most if not all of the preganglionic fibers contained 
in the splanchnic nerves terminate in the ganglia of the celiac plexus. At the 
lower end of the esophageal plexus the fibers from the right vagus nerve become 
assembled into a trunk which passes to the posterior surface of the stomach and 
the celiac plexus. The fibers of the left vagus pass to the anterior surface of the 
stomach and to the hepatic plexus (Fig. 123). It is probable that the preganglionic 
fibers of the vagus do not terminate in the ganglia ot the celiac plexus, but 
merely pass through that plexus to end in the terminal ganglia, such as the small 
groups of nerve cells in the myenteric and submucous plexuses of the intestine 

(Fig. 123). 

The mi/enteric plexus (of Auerbach) and the submucous plexus (ot Meissner), 
located within the walls of the stomach and intestines, receive filaments trom 
the gastric and mesenteric divisions of the celiac plexus. They also receive fibers 
front the vagus either directly, as in the case of the stomach, or indirectly through 


Anatomy of thf Xfrvoi s Systk.m 


1(W 


the celiac plexus (Fig. P29). Unfortunately, very little is known concerning the 
synaptic relations established in the ganglia of these plexuses. According to 
Langley, the postganglionic fibers from the celiac ganglia run through these 
plexuses without interruption and end in the muscular coats and glands of the 
gastrointestinal tract. The preganglionic fibers from the vagus probably end in 
synaptic relation to cells in these small ganglia; and the axons of these cells serve 
as postganglionic fibers, relaying the impulses from the vagus to the glands and 
muscular tissue. As was indicated in a preceding paragraph, the enteric plexuses 
must also contain a mechanism for purely local reactions, since peristalsis can be 
set up by distention in an excised portion of the gut. But as yet we are entirely 
ignorant as to what that mechanism may be. 

The hypogastric plexus is formed by strands which run into the pelvis from 
the lower end of the aortic plexus and are joined by the visceral branches of the 
second, third, and fourth sacral nerves and by branches from the sympathetic 
trunk (Figs. 117, Wo). As the hypogastric plexus enters the pelvis it splits into 
two parts, which lie on either side of the rectum and are sometimes called the 
pelvic plexuses. From these plexuses branches arc supplied to the pelvic viscera 
and the external genitalia. Though called plexuses there are scattered ganglia 
throughout the bundles of nerve fibers, evidently like the collateral ganglia about 
the aortic branches. 

The Cephalic Ganglionated Plexus. In close topographic relation to the 
branches of the fifth cranial nerve are four autonomic ganglia, known as the 
ciliary, sphenopalatine, otic, and submaxillary ganglia. Each of these is con¬ 
nected with the superior cervical sympathetic ganglion by filaments derived 
from the plexuses on the internal and external carotid arteries and their branches 
(I"ig. Wo). these filaments are designated in descriptive anatomy as the sympa¬ 
thetic- roots ot the ganglia. Each ganglion receives preganglionic fibers from one 
of the ci an ml nerves by way of what is usually designated as its motor root 
(Fig. Wo)- 1 Inis the ciliary ganglion receives fibers from the oculomotor nerve; 
the sphenopalatine ganglion receives fibers from the facial nerve by wav of the 
great superficial petrosal nerve and the nerve of the pterygoid canal; the otic 
ganglion leceives fibers from the glossopharyngeal nerve, and the submaxillary 
ganglion receives fibers from the facial nerve by way of the nervus intermedins 
and the lingual nerve. Postganglionic fillers arising in these ganglia are distributed 
to the structures ot the head. From the ciliary ganglion, fibers go to the intrinsic 
musculature of the eye. Some of the fibers arising in the sphenopalatine ganglion 
go to the blood vessels in the mucous membrane of the nose. Fibers from the 
otic ganglion reach tin- parotid gland. Those arising in the submaxillary ganglion 
end in the- submaxillary and sublingual salivary glands. 

Visceral Reflexes. 1 he purely local reactions, which occur in the gut wall 
after section ol all ot the nerves leading to the gastrointestinal tract, are known 
as myenteric reflexes and depend upon a mechanism entirely contained within 
the enteric wall. With this exception the evidence strongly indicates that all 
visceral reflex arcs pass through the cerebrospinal axis. It seems certain that no 
reflexes occur in the ganglia of the sympathetic chain (Bolton, Williams, and 
Carmichael, 19.>7; Hare, 1941); but the possibility cannot be excluded that the 
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collateral ganglia may serve as reflex centers, controlling to some extent the 
viscera which they supply (Kuntz, 1940). The visceral reflex arc represented in 
Fig. 110 is an over-simplification, since in most cases the impulses travel up the 
cord to higher centers and back again. 

Postganglionic ihomeieolumbar autonomic (sympathetic) fibers are widely 
distributed through the body. Under this heading are included vasoconstrictor 
fibers to the blood vessels, secretory fibers to the sweat glands, pilomotor fibers 
to the hair follicles, dilator fibers to the iris, dilator fibers to the bronchioles, 
accelerator fibers to the heart, inhibitory fibers to the gastrointestinal muscu¬ 
lature, constrictor fibers to the spleen, and inhibitory fibers to the bladder. 

Vasodilator fibers are said to run in the dorsal roots, but the neurons pro¬ 
ducing vasodilator impulses generally have not been identified. It has been 
suggested that adecpiate vasodilation occurs as a result of blocking or inhibition 
of vasoconstrictor impulses (Warren. Walter, Romano and Stead, 194-2). How¬ 
ever. Lindgren et al. (1950) described a central vasodilator path which was 
demonstrated by electrical stimulation. The path extends from the hypothal¬ 
amus to the spinal cord where it lies in the lateral funiculus near the cortico¬ 
spinal tract. Stimulation of the path activates cholinergic fibers which cause 
vasodilation in skeletal muscles, accompanied by vasoconstriction in the skin. 
It is apparently represented in the cerebral cortex in the posterior part ot the 
motor area (Eliasson et ah, 1952). 

Specific structures receive innervation from specific segmental levels of the 
outflow of thoracicolumbar autonomic fibers. For example, the pupils dilate in 
man when preganglionic fibers leaving the cord between the 8th cervical and 
the 4th thoracic segment are stimulated. The vessels and sweat glands in the 
hand of man may receive fibers from thoracic levels one to ten (Ray, Hinsey, 
Geohegan. 1943). Bv measuring skin resistance after lumbar and sacral sympa¬ 
thectomies Richter and W r oodruff (1945) were able to map out areas of skin 
containing sweat glands supplied from different levels ot postganglionic outflow. 
The skin areas or dermatomes mapped on this basis agreed closely with derma¬ 
tomes mapped by Foerster on the basis ot sensory representation (I"ig• 105). 

The medullary cells of the adrenal gland are derived embryologically from 
neural crest cells, just as are the cells of autonomic ganglia, and stand similarly 
in relation to the central nervous system. That is, axons of nerve cells in the 
intcrmediolateral cell column of the spinal cord terminate about the chromaffin 
cells of the adrenal medulla and there is no postganglionic neuron involved, this 
being the one known exception to the principle that a two-neuron chain exists 
between central nervous system and visceral effector (big. 124). 

When the fibers in the splanchnic nerve to the adrenal medullary cells are 
stimulated, the gland secretes epinephrine, which is carried by the blood stream 
to all parts of the body and produces an effect like that resulting from generalized 
stimulation of the thoracic autonomic system The epinephrine therefore pro¬ 
longs the effect of “sympathetic” stimulation producing a sympathicoiniinetic 
action. This diffuse action is not uncommon as it-is characteristic ot the thoraei- 
columbar autonomic system itself that it tends to function as a unit. A familiar 
example is the widespread activity manifested during emotional excitement— 
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dilation of t li<* pupils, erection of hair, rapid healing of the lionrl, etc. I huso 
visceral effects which accompany (‘motional excitement arc eliminated hy removal 
of the lhoracicolumhar outflow as Cannon showed in his sympnthectomized 
animals. A cal without its sympathetic chain will growl and defend itself from 
attack hy a dog hut its hair does not stand on end, its heart does not speed up, 
its pupils do not dilate, and its hlood sugar does not rise. 

It is of interest that these observations enabled Cannon to make' critical 
commentary upon the James-Lange theory of (‘motions which staled that the 
emotion followed the visceral activity. Without the visceral effects, however, 
the animals appear to express tear and anger in appropriate circumstances. 

Simultaneous activation of widely separated parts of the I horacicolumhar 
system is brought about by discharges of impulses from special centers in the 
medulla oblongata and the hypothalamus. Stimulation of the dorsolateral part 
of the reticular formation in the upper part of the medulla oblongata causes a 
generalized activation of “sympathetic" effectors (Chen, him, Wang, and Yi, 
1990: Wang and Ransom 1999). Most reflex responses arc mediated through this 
medullary center. There is a descending path in the ventral part of the lateral 
funiculus of the cord from these centers to the intcrmediolatcral cell column 
(Wang and Ramson, 199!)). 

There is no similar unified control of the craniosacral autonomic (parasympa¬ 
thetic) system and the several parts of this system function independently. The 
“parasympathetic" system includes fibers from widely separated sources. The 
oculomotor nerve supplies motor fibers for the ciliary muscle and the sphincter 
of the iris. The facial and glossopharyngeal nerves supply secretory and vasodi¬ 
lator fibers for the salivary glands and the mucous membrane' of the mouth and 
pharynx. The vagi contain inhibitory fibers for the heart, constrictor fibers for 
the bronchioles, and motor and secretory fibers for the stomach and intestines. 
The visceral branches of the sacral nerves supply motor fibers to the colon, 
rectum, and bladder. 

Surgery of the autonomic system has shown increasing value and promise. 
Treatment of hypertension by removal of the thoracicolumbar outflow which 
supplies the vasoconstrictor fibers to the blood vessels of the splanchnic area and 
kidneys as well as the innervation of the adrenal medulla has been successful in 
certain cases. Section of the vagus nerves supplying the areas of stomach and 
duodenum subject to ulcers has at times afforded relief. Injections designed to 
block the thoracicolumbar ganglia supplying an area in which thrombophlebitis 
exists have often shown immediate as well as continued improvement. For details 
of these and other procedures in common practice the literature should be 
consulted. 

To leave* the autonomic system with a discussion of its peripheral structure 
and the location of its preganglionic neurons is not to complete its study. Beyond 
these basic peripheral connections (‘(‘liters related to autonomic function are 
found at all levels of the nervous system, especially in the medulla, mesen¬ 
cephalon, and hypothalamus; furthermore a significant representation occurs in 
the cerebral cortex, especially in the precentral and the orbital region of the 
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fronlal lobe, the temporal polo, insula, and somo of Ihe olfactory regions. Auto¬ 
nomic representation in the cerebellum also occurs. 

The autonomic outflow’ is under control of suprasegmental central mecha¬ 
nisms to such an extent that lesions of the spinal cord may interfere seriously 
with the regulation of basic autonomic reflexes. For example, when the urinary 
bladder is distended in the patient with cervical cord damage, responses of 
visceral character occur, as sweating, flushing, pilomotor responses, and marked 
rise of blood pressure: and the changes are much greater than would occur in a 
normal individual, who retains the connections with higher levels necessary for 
inhibitory and excitatory control of visceral neurons at spinal level (Pollock et 
al.. 1951). While descending visceral paths are not well known it appears likely 
that one such pathway concerned with sweating descends in the cord just 
ventral to the lateral corticospinal tract. 


C IT A 1’ T E IT V I T I 


The Spinal Cord 


Thus far the story of the nervous system has been taken up with its phylogenetic 
history, its development in man, its gross anatomy, and some necessary details 
of the histologic elements in its parts. The next task involves locating groups 
and clusters of nerve cells within the nervous system and tracing bundles of 
nerve fibers to and from these cellular aggregations, keeping in mind the function 
of the impulses that pass over them. Almost as a by-product of this process 
certain conclusions can be drawn concerning the function of larger portions of 
the nervous system. This part of the account begins with the spinal cord because 
of its basic connections and segmental simplicity. 

The Spinal Cord in Section. A cut through brain or spinal cord shows two 
conspicuous zones which are called gray and white matter, although neither 
term is an exact description of the color shown in either the fixed or the unfixed 
conditions. The white matter, which forms the outer portion of the spinal cord 
and the inner portion of the cerebral hemisphere, is white because of the pre¬ 
dominance of myelinated fibers in it. The gray matter is darker in shade and has 
fewer myelinated fibers, but more nerve cells, unmyelinated nerve fibers, and 

blood vessels. 

The gray section (substantia grisea) of the spinal 
cord is centrally placed and forms a continuous fluted 
column, which is everywhere enclosed by the white 
mallei’ (Fig. B25). In cross-section it has the form of a 
letter II (Fig. 1 C 2G). There is a comma-shaped gray field 
in each lateral half of the cord, and these are united 
across the middle line bv a transverse grav bar. The 
enlarged anterior end of the comma has been known 
as the ventral horn, the tapering posterior end as the 
dorsal horn, and the transverse bar as the gray com¬ 
missure. But, when it is remembered that the grav 
substance forms a continuous mass throughout the 
length ol the spinal cord, it will be seen that the term “column ' is more appro¬ 
priate than “horn." The long gray mass in either lateral half of the cord is 
convex medially and concave laterally. 
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Figure 1 *-2/5. Diagram of 
gray columns of spinal 
cord. 
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As seen in a cross-section of the cervical cord, the posterior column is 
relatively long and narrow and nearly reaches the dorsolateral sulcus (Fig. 12(>). 
It is derived from the alar lamina and its cells receive afferent fibers of the 
dorsal roots. The posterior column presents a constricted portion known as the 
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cervix, a pointed dorsal extremity or ape.r. and between the two an expanded 
part sometimes called the caput. The apex consists largely ot a special variety 
of gray substance, gelatinous in appearance in the fresh condition and very 
difficult to stain by neurologic methods, which in sections has the shape of an 
inverted V. It is known as the substantia (jelatinosa. In the thoracic portion 
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the posterior column, which is here very slender. docs nol conic so close lo the 
surface, ;md in llic lumbosacral segments il is much lliick(‘i* (Figs. I L 27, l fc 28). 

The anterior column is relatively shorl and I hick and projects toward the 
anterolateral snleus. 11 contains the c« v l I s ol origin of the fibers of tin* ventral 
roots. From its lateral aspect nearly opposite the gray commissure there pro¬ 
jects a triangular mass, known as the lateral column (colnmna lateralis). This 
is prominent in the thoracic and upper cervical .segments, but il blends with the 
expanded anterior column in the cervical and lumbar enlargements. 

The reticular formation (formalio reticularis), situated just lateral to the 
cervix of the posterior column in the cervical region, is a mixture of gray and 
while matter (Fig. 12(>). Here a network of gray matter extends into the white 
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Figcre WS. Section through the fifth lumbar segment of lhe spinal cord of a child. Pal-Weigert 

method. 


substance, breaking it up into fine bundles of longitudinal fibers. The reticular 
formation is most evident in the cervical region, but traces of it appear at other 
levels. 

1 he gray commissure contains the central canal, and by it is divided into 
the posterior commissure (commissura posterior) and the anterior t/raij com¬ 
missure (eommissura anterior grisea). Ventral to the latter, many medullated 
fibers cross the midlinc. constituting the anterior white commissure. 

I lie cavity of the neural lube persists as the central canal , which lies in the 
gray commissure throughout the entire length of the cord. The canal is so small 
us to be haicly visible lo tin* naked eye. Il is lined with ependymal epithelium 
and the lumen is often blocked with epithelial debris. I lie canal, which is nar- 
lovesl in the* thoracic region, (expands within the* lower part of the conus 
mcdullai is lo form a lusitorm dilatation, the* nentriculus terminalis. 

I he White Substance. 1 lie long myelinated fibers ol the* cord, arranged 
in parallel longitudinal bundles, constitute the while substance which forms a 
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thick mantle surrounding the gray columns. In each lateral half of the cord it 
is divided into the three great strands or funiculi, which have boon described 
on the .surface of the cord. The anterior funiculus (funiculus anterior) is bounded 
by the anterior median fissure, the anterior column, and the emergent fibers 
of the ventral roots. The lateral funiculus (funiculus lateralis) lies lateral to the 
gray substance between the anterolateral and posterolateral sulci, i. e., between 
the lines of exit of the ventral and dorsal roots. The posterior funiculus 
(funiculus posterior) is bounded by the posterolateral sulcus and posterior 
column on the one side, and the posterior median septum on the other. The 
septum, just mentioned, completely separates the two posterior funiculi from 

Dorsal roots of lumbar and sacral nerves 
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Figcre P29. Section of the third sacral segment of the human spinal cord and the lumbosacral nerve 

roots of the cauda equina. Pal-Weigert method. 


each other. Incomplete septa project into the white substance from the envelop¬ 
ing pia mater. One of these, more regular than the others, enters along the line 
of the posterior intermediate sulcus. It is restricted to the cervical and upper 
thoracic segments, is known as the posterior intermediate septum . and divides 
the posterior funiculus into two bundles, the more medial of which is known as 
the fasciculus gracilis . while the other is called the fasciculus cuneatus. 

Characteristics of the Several Regions of the Spinal Cord. It will be 
apparent from Figs. 120-129 that the size and shape of the spinal cord, as seen 
in transverse section, varies greatly at the different levels and that the relative 
proportion of gray and white matter i£-equally variable. Two factors are 
primarily responsible for these differences. One of these is the variation in the 
size of the nerve roots at the different levels, for where great numbers of nerve 
fibers enter, they cause an increase in the size of the cord and particularly in 
the volume of the gray matter. It has already been pointed out that the cervical 
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and lumbar enlargements are directly related to the large nerves supplying the 
extremities. The second factor is this: Since all levels of the cord are associated 
with the brain by bundles of long fibers, it is obvious that such long fibers must 
increase in number and the white matter increase* in volume as we follow the 
cord from its caudal end toward the brain. All this is well illustrated in a diagram 
reproduced in Fig. 130. 


Characteristic Features of Transverse Sections at Various Levels 

of the Spinal Cord 


LEVEL 

CERVICAL 

THORACIC 

LUMBAR 

SACRAL 

Outline 

Oval, greatest di¬ 
ameter transverse 

Oval to circular 

Nearly circular 

( ireular to 
quadrilateral 

Volume of gray 
matter 

La rge 

Small 

La rge 

Rela t ively 
la rge 

Anterior gray 
column 

Massive 

Slender 

Massive 

Massive 

Posterior gray 
column 

Relatively slender, 
but extends far 
posteriorly 

Slender 

Massive 

Massive 

Lateral gray 
column 

Absorbed in the 
anterior except in 
the upper three 
cervical segments 

Well marked 

Absorbed in the 
anterior column 

Present 

Processus 

reticularis 

Well developed 

Poorly developed 

Absent 

Absent 

White matter 

In large amount 

Less than in the 
eer\ ieal region 

but relatively a 
large amount in 
comparison to the 
grav matter 

Slightly less than in 
the thoracic re¬ 
gion; very little 
in comparison to 
the large volume 
of the gray 

Very little 

Sulcus interme¬ 
dins posterior 

Present throughout 

Present in upper 
seven t horaeic seg¬ 
ments 

Absent 

Absent 


The outline of a section of the spinal cord at the fourth sacral segment is 
somewhat quadrilateral. The total area is small and the greater part is occupied 
by the thick gray columns (Fig. 131). 'Tlu* size of the cord is much greater at 
the level of the first sacral and fifth lumbar segments , as might be expected 
from the large size of the associated nerves (Figs. P2S, 131). There is both an 
absolute and a relative increase in the white substance, which here contains the 
long paths connecting the sacral portions of the spinal cord with the brain. 
Both the anterior and posterior columns are massive, and the anterior presents 
a prominent lateral angle. The large nerve cells in the lateral part of the 
anterior column give rise to the fibers which run to the muscles of the leg. At 
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the level of the seventh thoracic segment (Figs. 127-131) the cross-sectional 
area is less than in the lumbar enlargement. Corresponding to the small size of 
the thoracic nerves the gray matter in this region is much reduced, both anterior 
and posterior columns being very slender. The apex of the latter is some distance 



Figure 130. Curves showing the variations in sectional area of the gray matter, the white matter, 
and the entire cord in the various segments of the human spinal cord. (Donaldson and Davis.) 




Figure 131. Outline drawings of sections through representative segments of the human spinal 
cord: C. cervical; I), dorsal or thoracic; /.. lumbar: 8. sacral; Co, coccygeal. 


from the surface and its cervix is thickened by a column of cells known as the 

«« 

nucleus dorsalis. The columna lateralis is prominent. The white nut tier is some¬ 
what more abundant than in the lumbar region,, and increases slightly in amount 
as we follow the cord rostrally through the thoracic region (Fig. 130). 

A transverse section at the level of the seventh cervical segment is elliptic 
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in on l lino and has an area greater Ilian llial of any other lovol o 1 ’ tin* oor<l (Figs. 
l c 2(>, 1 • > 1). Tlio while matter is voluminous and conlaiiis tlx* long fiber Iranis 
connedin<»; llie brain willi llie* more caudal portions of I lie cord. The gray matter 
is also abundant, as we might expect from the large size of the seventh cervical 
nerve. The ventral column is especially thick and presents a prominent lateral 
angle. ’The large laterally placed nerve cells of the anterior column are associated 
w ill. the innervation ot the' musculature of the arm. The posterior column is 
relatively slender, but roaches nearly to the dorsolateral sulcus. I lie spinal cord 
at the largest point in t Ik* cervical enlargement measures approximately 19 X 
? mm., at the smallest point in tin* thoracic portion S X (>.5 mm., and at Lin* 
largest point in the sacral region !).(> X S mm.; but the variation is large 
(Elliott, 1945). 

MICROSCOPIC ANATOMY 

Neuroglia. Occupying the interstices among the true nervous elements of 
the spinal cord is a peculiar supporting tissue, neuroglia, the structure of which 
has been described in a preceding chapter. Ependymal cells line the central 
canal. Some of them send processes to terminate beneath the pin in the anterior 
median fissure and others send similar processes dorsally along the midline in 
the posterior median septum (Fig. 97). A special condensation of neuroglia 
surrounds the central canal and is known as the substantia gelatinosa centralis. 
Unlike the rest of the gray matter it contains many fibrous astrocytes, which 
elsewhere are found chiefly in the white matter while the protoplasmic astro¬ 
cytes are confined to the gray substance. Beneath the pin mater and closely 
investing the spinal cord externally is a thin stratum of neuroglia, the glial 
sheath , which is adherent to the under surface of the pia and with it forms the 
pia-glial membrane. The blood vessels, which penetrate the spinal cord, are 
surrounded by tubular prolongations of this membrane with the pial layer 
separated from the vessels only by perivascular spaces which communicate with 
the subarachnoid space (Fig. (h2). The posterior median septum is composed of 
neuroglia and greatly elongated ependymal elements and is in no part formed 
by the pia mater. 

White Substance. 'The white matter of the spinal cord consists of longi¬ 
tudinally coursing bundles of nerve fibers, bound together by a felt work of 
neuroglia fibers, a majority of which run in a direction transverse to the lorn* 
axis ol the nerve fibers. 'The neuroglia fibers are associated with the fibrous 
astrocytes which arc scattered through the white columns. Oligodendrocytes 
arc found in rows between the longitudinally coursing nerve fibers. The longer 
expansions of these oligodemlroglia cells run parallel to the myelinated nerve 
fibers and with their side branches form closely woven tubular nets around 
them. Blood vessels enter the cord from tin* pia mater and are accompanied 
by connective tissue from the pia and by the subpial neuroglia. It has been 
generally supposed that tin* while fascicles of the cord were composed almost 
exclusively ol myelinated fibers; and it is true that these, partly because of their 
size, are the most conspicuous elements. In cross-sections stained bv the Wemert 
method the myelin sheaths alone are stained; and since the fibers are cut at rudil 
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angles to their long axes, they appear as rings. Cajal (1000) has shown that there 
are also great numbers of unmyelinated libers in the longitudinal faseieles of 
the eord (Fig. 1.T2). The different faseieles differ not only in the size of their 
myelinated fibers but also in the proportion of unmyelinated fibers whieh they 
contain. The fasciculus dorsolateralis or tract of Lissancr (Fig. 1.T3) contains 
fine myelinated fibers and great numbers of unmyelinated axons. Close to it 
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Figure 13 v 2. From a cross-section through tlie spinal cord of a rabbit showing the structure of the 

white matter as revealed bv the Cajal method. (Cajal.) 




Figure 133. From a cross-section of Ihe spinal cord of the cat; a narrow strip extending* across 
the dorsolateral fasciculus in the position indicated by the sketch on tin* right: a. Fasciculus 
cimentns: h % fasciculus dorsolateralis (Lissaner): c, dorsal spinocerebellar tract. The unmyelinated 
fibers appear as black dots. Pyridine-silver method. 


lies the dorsal spinocerebellar tract which is composed almost exclusively of 
large myelinated fibers. Only in special regions, however, can separate fascicles 
such as these be observed. The various tracts are not sharply separated from 
each other in the cord, but where thev Jie adjacent the fibers intermingle at 
the edges as a rule, and in some instances overlap greatly. 

Gray Substance. The gray matter is composed of nerve cells, including 
their dendrites, and of unmyelinated axons and smaller numbers of myelinated 
fibers—all supported by a neuroglia framework and richly supplied with capil- 

















174 


Axatomy of tiik Xfkyoi/s System 


lary blood ve*sscls. The* axons of some cells (Golgi's Typo I) are very long and run 
old into the* while substance or into the ventral roots, while those of others 
(Type II) an* short and end within l In* gray matter. In addition, great numbers 
of collaterals from the dorsal root fibers and from the longitudinal fibers of the 
cord, as well as terminal branches of these fillers, enter the gray substance and 
ramify extensively within it. entering into synaptic relations with the neurons 
which it contains. "The branches of the myelinated fibers soon lose their sheaths, 
and it is this relative scaredv of mvclin which gives to this substance its grav 
appearance. The ramification of dendrites and unmyelinated fibers forms a very 
intricate feltwork throughout the gray substance (Fig. 134), which in fetal life 



I*ici'HK 13-f. From a section through the spinal cord of a monkey, showing part of the anterior 
gray column including a multipolar nerve cell and the surrounding neuropil. Pyridine-silver 
method. 


can be seen to increase in density as development proceeds. In early life, as 
the behavior pattern increases in complexity, the nerve fibers in this neuropil 
continue to become more numerous, as pointed out previously. 

Nerve Cells. The nerve cells of the spinal cord vary in form, size, and con¬ 
nections. They are multipolar and each possesses a single axon. For convenience 
the cells may lx* described in four groups which differ in the location of the 
cell body and the course* ot their axons: (1) 'There are small cells of Golgi’s 
Type 11 with short axons branching about in the gray substance not far from 
the (*(*11 body. 1 hese are* not numerous in the* spinal ceil’d and are found mostly 
in the peistcrior horn, and cspe*cinlly in the substantia gclatineisa Rolamli. (2) 
Cedis e>l a sevemel group, which ineiele*ntally are the most eonspicuems cells in 
the Corel, are* the large* meiteir cells in the aiite*rior heirn of gray matter the 
axons ot whiedi pass out e>f the e*e»re 1 as ventral root fibers te> reach skededal 
muscle*, where* e*ae*h supplies meilor e*ud plates to a number of muscle fibers. (3) 
Cells ol a lliirel gremp somewhat smaller in size than the anterior horn cells lie in 
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the intermediolateral cell column and send their axons out of the cord via the 
ventral roots to reach the autonomic ganglia as preganglionic fibers (Fig. 109). 
(4) Cells of the fourth group are generally of small or medium size, although 
some are large, and are quite numerous, especially in the posterior horn where 
they are related synaptieally to fibers that enter the cord from the dorsal roots. 
They are of great significance since they constitute the means of connection 
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Fiorinc 1 So. Outline sketches of ventral horn an^l ventral part of the dorsal horn of loft side of 
cord at different levels, showing the relative number find position of the chief cell-groups: C'\. 0|. 

etc., indicate the segments—e.g.. first cervical, fourth cervical, sixth thoracic; (\ (b). low or 
part of eighth cervical. The following letters designate the cell-groups: r-m. Anteromedian: </-///. 
posteromedian; r-l, anterolateral: <1-1, posterolateral: />.</-(. rotropostorolalend: r in L-<. L\, ventral; 
c in /,v. L.\, .Si. central; I. <•. in 7'<;. T\->. intermediolateral: ace. in 0|. C.\. accessorius; phr. in 0|. 
phrenic; Cl.c. in 7'y. 7’iu. nucleus dorsalis. (Bruce. Quain’s Anatomy.) 
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between different i*(\<»'it)iis of tlm nervous system (Fig. l.SO). I Ik* axons of sonic 
of 111 esc cells as they oilier llio while mn H <*r t urn erauialward and form Ion# 
ascending pathways which reach llie hrain al diMoronl levels. I he axons of other 
cells divide inlo ascending and descending branches which extend different 
distances, sending collaterals and terminal branches into the gray matter of 
the cord to make connection between its various segments. 1 hose* fibers con¬ 
stitute the fasciculi jiroprii which border the gray matter in each funiculus of 
the cord. The nerve fibers which connect different levels of tin* cord are called 
association fibers, while those' which cross the midline are known as commissural 
ones, i'lie ventral white commissure is made of such fibers. 



Herne ISO. Dingmmmatic drawing showing; the arrangement of nerve cells in the thoracic spinal 

cord. 


I lie nerve cells of the gray matter of tin* cord are not uniformly distributed, 
and so more or less specific groups are visible in each section (Figs. 13.5, 136). 
It has been customary in tin' past to refer to these groups seen in cross-section 
as “columns, with the implication that they extend through many segments 
of the cord. It is true that there is continuity in some groups. For example', the 
substantia (jelatmosa and its contained colls form a long column at the tip of 
the posterior horn; the nucleus dorsalis at the medial part of the base of the 
posterior horn extends through the thoracic region and a little' beyond, as does 
also the* mlcrmcdmlaleTal column ed evils which are preganglionic visceral 
efferent neurons for the' ihoraeicolumbar division of the' autonomic svslcm. 

d im nucleus dorsalis . or column of Clarke, is a group of large cells in the 
medial part of tin* base* of the' posterior column (Fig. I MO). It extends from the 
last (vrvieal or first thoracic to the first or seconeJ lumbar segments. It is a 
prominent fe-nluro in cross-sections of the thoracic cord, appearing as a well 
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defined oval area richly supplied with collaterals from the dorsal roots. The 
cells have an oval or pyriform shape: each has several dendritic processes and 
an axon which enters the lateral funiculus, within which it runs toward the 
cerebellum in the dorsal spinocerebellar tract. While this column of cells extends 
only through the thoracic and upper lumbar segments, the dorsal root fibers 
entering it come from forelimb, trunk, and hindlimb. 'There is considerable 
spread of the collaterals of the primary afferent neurons upward and downward 
from the point of entrance. The tenth thoracic dorsal root, for example, supplies 
fibers to nearly the entire column of cells (Liu. 1950). 

In the ventral or anterior horn of gray matter groups of nerve cells can be 
seen but the attempt to subdivide these into numerous columns appears not to 


Fkh im: 137. Diagram of groups of motor rolls of the spinal coni o! the 
monkey. The stippled groups of cells supply tlx* lumbosacral and brachial plex¬ 
uses: the area of diagonal lines represents cells entering the dorsal primary rami; 
cross-hatched area contained cells passing into intercostal and abdominal nerves 
(alter Sprague. I!R8). 



be justified. Sprague's (1951) analysis of these in the monkey has shown that 
there are two types of cells in the anterior horn: large multipolar cells (greater 
than *25 \x diameter) and smaller cells. I In* larger ones give rise to the motor 
fibers of skeletal muscle, the smaller ones appear to innervate the small intra¬ 
fusal muscle fibers of the muscle spindles. 

The larger cells form three nuclear groups in the gray matter, especially 
in the cervical and lumbar enlargements, a lateral, a medial, and a ventral 
group. In tin* thoracic region, the medial and lateral groups send fibers through 
both dorsal and ventral primary rami of the spinal nerves; the ventral group 
supplies fibers only to the dorsal rami. The lateral groups, which chiefly are 
responsible for the wideness of the ventral horns in tin* lumbar and cervical 
enlargements, here supply the ventral rami only, while both medial and ventral 
groups .supply dorsal rami. In the thoracic region there is no segregation; the 
cells supplying fibers to the dorsal and the ventral rami of the thoracic nerves 
are intermingled. Sprague also observed that the motor cells sending out fibers 
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lhrou<>li the dorsal ramus of a single thoracic iu'r\'c art* located not only in 
the corresponding segment but in llic oik* above and Ik'Iow as well. I In* cells 
sending libers through tin* ventral ramus lend to be confined to the same seg¬ 
ment. While it is customary to separate gray and white matter in the cord 
rather arbitrarily, many nerve cells occur scattered in the white matter, especi¬ 
ally near the in tcrmediola lend column and the reticular formation: and they 
are more numerous in the region of the cervical and lumbar enlargements 
(Duncan, 1953). 
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Figure 138. Diagram of llie spinal cord, showing the elements concerned in a diffuse unilateral 
reflex: a. Spinal ganglion cell giving origin to a dorsal root fiber, one branch of which enters the 
cord and divides into an ascending and a descending branch; b, motor cell in anterior column; c, 
association neuron with axon in the lateral fasciculus proprius (Cajal). 


The Spinal Reflex Mechanism. In the next chapter is considered at length 
the long ascending and descending paths in the white substance of the cord by 
which afferent impulses from the spinal nerves reach the brain, and those 
through which the motor centers of the brain exert in return a controlling 
influence over the spinal motor apparatus. But these would be without function 
except for the* purely intraspinal connections—the spinal reflex mechanism. The 
dorsal root fibers subserving tactile, thermal, painful and proprioceptive sen¬ 
sations enter into synaptic relations within the gray matter of the spinal cord, 
not only with secondary sensory neurons that relay the impulses onward toward 
the cerebral cortex but also with association and commissural neurons, which 
are connected with motor neurons and are concerned with spinal reflexes 
(Fig. 130). 

A reflex arc in its simplest lorm may be made up of only two neurons, the 
primary sensory and motor neurons, with a synapse in tlu* gray matter of the 
anterior column (Fig. 95). It consists of the following parts: (I) a receptor, 
tin* peripheral sensory ending: ( c 2) a conductor, the afferent nerve fiber; (3) a 
center, ineluding the synapse in the anterior column; (4) a second conductor, 
the efferent nerve fiber; and (5) an effector, the muscle fiber. Usually, however, 
there are interposed between the primary sensory and motor elements one or 
more intermediate neurons, the axons of which may extend only a short way 
or for long distances in the central nervous system in one of the named path¬ 
ways. Tin \sc, when restricted to one side of the cord, arc known as association 
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neurons; when their axons cross the median plane, as many of them do through 
the anterior white commissure, they are called commissural neurons. When the 
circuit is complete within a single neural segment it may be said to be intra- 
segmcntal (Fig. 90); if it extends through two or more such segments it is 
an intcrscgmcntal reflex arc. 

Intersegniental Reflex Ares. Impulses enter the spinal cord through dorsal 
root fibers from which they may pass to motor neurons of the same or opposite 
side at the same or some other level. The fibers of (he dorsal root divide, soon 



Figure 13!). Diagram of l Ik* spinal coni, showing libers of the fasciculi proprii and other elements 

concerned in inlerseginenlal reflexes. 


after their entrance into the cord, into long ascending and shorter descending 
branches, which together form the greater part of the posterior funiculus and 
give off many collaterals to the gray matter of the successive levels of the cord 
(Fig. 198). Many of the ascending branches reach tin* brain: but the others 
terminate, as do the descending branches and all the collaterals, in the gray 
matter of the cord about cells, among which arc some whose axons form the 
secondary pathways known as fasciculi s proprii. The fasciculi proprii immedi¬ 
ately surround tin* gray columns and consist of ascending and descending fibers 
of various lengths, which arise and terminate within the gray substance of the 
cord (Fig. 199). Most of these fibers remain on the same side as association 
fibers concerned in unilateral reflexes. Others cross in the anterior white coin- 
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missuiT nnd nre commissural fibers concerned in crossed reflexes. Afl'erenl 
impulses limy be Ininsmil led ;ilon*» the cord in eilher direction hv the branches 
ol the dorsal root fibers; or by a means of synapses in I lie gray matter thev 
may be transferred to the long association and commissural fibers just de¬ 
scribed and conveyed to the primary motor neurons of the same or opposite 
side in more or less distant segments. The course of a nerve impulse in a 
unilateral inlerscgmental reflex is indicated on the left side of Fig. while 

on the right side ol the same figure are shown the elements concerned in 
crossed reflexes. 


The observations of Co^hill (1013 and 1014) and of Herrick and Coghill (1013) tend to show 
nit the simple lorm ol reflex arc illustrated in Fig. 03 is not the primitive tvpe. In larval \m- 
hlysloma the first ares to become functionally mature are composed of chains of many neurons, 
so .m.uigct t ml every effective cutaneous stimulus elicits the same complex response of the entire 
somatic musculature, i. e.. the swimming movement. It is of particular interest to note that in this 
pmmt've reflex meclmmsm the sensory root fibers arise from giant cells located within the spinal 
cord and that the motor root fibers are collaterals from a central motor tract. In adult Amblvsloma 
these sensory and _ motor elements arc replaced by the usual type of primnrv sensorv and motor 
neurons. he jimmt.ve reflex system cliaracteristic of larval Amhlystoma is not found in mammals 
In the cat embryo .1 has been shown that individual reflexes can be elicited before mass responses, 
and the time ol first appearance of these reflexes coincides with that of the completion of the reflex 
ares through the development of collaterals from the dorsal root fillers. (Windle, O'Donnell and 
(jlassna^eK 1933; Windle, 1934. 1940.) 

Wo may mention as an example of a reflex arc involving many segments ol 
the cord the "scratch-reflex'' of the dog. which has been very carefully investi- 



Figi-hk IK). Diagram of the spinal an*s involved in 
paths from hairs in the dorsal skin of left side; Pa and 
of ventral root. (Sherrington.) 


the scratch reflex: Ra and /?/3. Receptive 
Rfi, association neurons; PC. motor fibers 


gated by Sherrington (1 !«)<>)• If. some lime after transection of the spinal cord 

!" "| e lmv ll "' skin covering the dorsal aspect of the thorax 

is simi"h-iled by pulling lightly on a hair, the Inn,I limb of the corresponding 
side begins a series ol rliyllnnie sera telling movements. ISv degeneration experi¬ 
ments ,1 was shown that this reflex are probably includes the following 
elements: (I) a primary sensory neuron from the skin to the spinal grav matter 
ol tile corresponding neural segment; («) a long descending association neuron 
Irmn flic shoulder to Hi,- leg segments, and (3) a primary motor neuron to a 
ilexor muscle* ot llie leg (Fig. 140). 
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A primary motor neuron seldom, it ever, belongs exclusively to one arc, but 
sci \ e> as the final channel to which many streams converge. Its perikaryon 
gi\cs oil widespread dendritic processes, through which it comes into relation 
with the ramifications of axons from many different sources. In this wav 
impulses reach it from the dorsal roots, and from the fasciculi proprii of the 
spinal coid, as wadi as from a number of tracts winch descend into the spinal 
eoid fiom centers in the brain (the corticospinal, rubrospinal, tectospinal, and 
\ estibulospinal tracts). I he primary motor neuron is, as Sherrington has said, 
tlic final common path. Actual connections to the anterior horn cells from 
the* long pathways may be by intcrnuncial neurons. In turn, some of the inter- 
nunciul cells ma\ be fired by recurrent collaterals of axons of anterior horn 
cells involved in a kind of “feed-back" principle. 

l'linitional Considerations. It is customary to speak ot the reflex arcs in 
the spinal cord as it they were isolated phenomena of importance only in the 
laboratory or during a physical examination. The extent to which reflexes form 
the basis of much of ordinary action is often difficult to demonstrate in the 
normal situation, but in the presence of lesions which interrupt pathways of 
voluntary action part ot the reflex background is more readily brought out. 

He Hex mechanisms exist which depend on pathways through the spinal 
cord but have centers between the afferent and efferent side at higher levels 
even in the cerebral cortex itself. I he fanning reaction of toes to stroking the 
sole (Habinski response) is produced on interruption of the corticospinal tract 
at any point in its course, and so even in the cortex where many of its cells of 
origin are found. 

I he immediate response to spinal transection is “shock," more marked in 
the portion ot the cord caudal to the point ot transection. Phis may last from 
a tew minutes in lower forms to a day or two in the higher ones including man. 
and is characterized by lack of responsiveness to stimulus, that is, a high 
threshold across the synapses in the isolated region of the cord. This state of 
spinal shock is not identical with traumatic shock from fluid loss; in fact the 
blood pressure may remain normal throughout the period of shock. 

As recovery occurs, the reflexes in the isolated portion of cord reappear 
and are exaggerated in their response, presumably from release from the inhibit¬ 
ing controls ot higher levels. A spinal cat placed on its feet \\ T i 11 stand temporarily 
it supported laterally, and extra stimuli such as pinching its tail, though not 
felt consciously, prolong the standing response. A stimulus to a sensory nerve 
on one side results in withdrawal, that is flexion, of the homolateral limb and 
extension of the contralateral one. Simultaneous stimuli of the nerves of two 
side's result in rhythmic flexion alternating with extension. Thus it can be seen 
that the basic mechanisms for standing and for rhythmic stepping are in the 
spinal cord. Cells lying in the medial part of the ventral horn of gray matter, 
termed "Kenshaw cells," are supplied by collaterals of the motor cells supplying 
skeletal muscle. When excited (by the release of acetylcholine from the motor 
neuron collaterals) they inhibit all types of motor neurons at that segmental 
level. Such a mechanism must be part of the quick control of rhythmic 
movement (Eccles, 19,57). 
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Visceral mechanisms allow the development ot antoniatic bladder and 
rectal emptying, which is of significance to tin* human eases o! spinal 
transection. 

In cases of cervical spinal transection or severe damage, the ascending and 
descending pathways concerned with visceral control are interrupted, and the 
effects show evidence of lack of both excitatory and inhibitory control from 
snprasegmental centers comparable to the effects on voluntary muscle. In that 
part of the body below the spinal cord damage, defects occur in regulation of 
sweating and vasomotor control. Patients with such defects will have abnormal 
changes in temperature when the surrounding medium becomes hot or cold. 
When such a patient is changed from a horizontal to a vertical position the 
blood pressure may fall as much as 80 or more mm. of mercury and precipitate 
unconsciousness from cerebral anemia. Patients with spinal injuries not so severe 
as complete transection may show marked retention of functions and improve¬ 
ment in motor ability with the passage of time. In lower animals the recovery 
is greater than that observed in man (Pollock ct al., 1951). 


CHAPTER IX 


Fiber Tracts of tlie Spinal Cord 


Hie fillers composing the white substance of the spinal cord are not scattered 
and inteimingled at random, but, on the contrary, those of a given function 
are grouped together in more or less definite bundles. A bundle of fibers all of 
which have the same origin, termination, and function is known as a fiber 
had. 1 lie funiculi of the spinal cord are composed of many such tracts of 
longitudinal fibers, which, while occupying fairly definite areas, blend more 
01 less with each other, in the sense that then* is considerable intermingling 
of the fibers of adjacent tracts. The topography of these at different levels of 
the spinal cord is slightly variable also (Smith, 19.5?). It is convenient to have 
a name for certain obvious subdivisions of the funiculi which contain fibers 
belonging to more than one tract. Such a mixed bundle is properly called a 
fasciculus. Many tracts have names which indicate their origin, destination, 
and the direction in which impulses pass. For example, the spinocerebellar 
tract carries impulses which ascend from the tract's origin, the spinal gray 
matter, to its destination, the cerebellar cortex. It would be helpful if all tracts 
were named in this manner, but others have names descriptive of their loca¬ 
tion, as fasciculus dorsolateralis; or shape, fasciculus gracilis; and a number 
under the old terminology were designated by the names of investigators 
who first described them, as tract of Lissaucr, now known as the fasciculus 
dorsolateralis. 

functionally, the conspicuous tracts in the cord are distinguished as 
motor or sensory, but there are a number of paths which interconnect different 
portions of the central nervous system whose functions are not exactly de¬ 
scribed in these terms. Some of these are referred to as assoeiation bundles. 
For convenience of interpretation of injury to the spinal cord, a knowl¬ 
edge of the course and distribution of the main motor and sensory paths is 
valuable. 

In order to trace the tracts of interest, in the spinal cord it is convenient 
to follow them in the direction the impulses travel, so the course of the fibers 
of the dorsal roots that enter the cord will be considered and with them the 
paths of the various types of sensory impulses conveyed from peripheral end 


organs. 
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tiik intrami:i>ullary course oe the dorsal root libers 

The central end of a dorsal root breaks up into many rootlets or filaments 
fila radicularia), which enter the spinal cord in linear order along the line 
of the posterior lateral sulcus. As it enters the cord each filament can be seen 
to separate into a larger medial and a much smaller lateral division. The fibers 
of the* medial d i risiou an* of relatively large* ealibe*r and run over the* tip of 



Fmh’IUC 1 H. Bifurcation of llu* ilorsal root fibers witlnn the spinal cord into ascendin'; - and de¬ 
scending branches, which in turn give olT collaterals; tin* termination of some of these collaterals 
in synaptic relation to cells of the posterior gray column. (Cajal. Edinger.) 


the* posterior column into the posterior funiculus (Fig. 148). Those of the 
laleral dirision are fine and enter a small fascicle which lies along the apex of 
the posterior column, the fasciculus elorsolateralis or tract of Lissaner. Very 
soon after its entrance into the* cord each dorsal root fiber divides in the manner 
of a Y into a longer ascending and a shorter descending branch (Fig. 141). 
The large* fibe*rs in the medial division are* those associated in the periphery 
with large* encapsulated or elaborate forms of ending, as the tactile corpuscles 
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of Meissner, Pacinian corpuscles, muscle and tendon spindles, and so forth. 
They are therefore concerned with touch, pressure, and proprioception. The 
smaller fibers of the lateral division terminate peripherally in endings concerned 
with pain and temperature sense. 

The ascending branches of the fibers of the medial division of the dorsal 
root run for considerable but varying distances in the posterior funiculus; some 
Irom each root reach the medulla oblongata (according to Glees and Soler, 
1951, onl\ about '■io per cent reach the medulla in the eat), others terminate 
at different levels in the gray matter of the spinal cord. At the level of their 
entry into the cord these fibers occupy the lateral portion of the posterior 


Fasc. gracilis 
I Fasc. cuneatus 



Figure 142. Diagram to illustrate ttie arrangement of the ascending branches of tlie dorsal root 

fibers within the posterior funiculus of llie spinal cord. 


funiculus: but in their course cephalad, as each successive root adds its quota, 
those from the more caudal roots are displaced nicdianward. In this way the 
longer fibers come to occupy the medial portion of the posterior funiculus (Fig. 
1T2). In the cervical and upper thoracic regions the long ascending fibers from 
the sacral, lumbar, and lower thoracic roots constitute a well defined medially 
placed bundle, the fasciculus gracilis , separated from the rest of the posterior 
funiculus, called [he fasciculus cuneatus , by the posterior intermediate septum. 
Those of the long ascending fibers, which* finally reach the brain, terminate in 
gray masses in the posterior funiculi of the medulla oblongata (nucleus of the 
funiculus gracilis and nucleus of the finiiculus-euueatus). Since the number of 
these long ascending branches must increase from below upward, it is easy to 
understand the progressive increase in size of the posterior funiculus from 
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the sacral lo tlie cervical region (Fig. 131). The fasciculus cnii(*n1 11 s and fasci¬ 
culus ora ci I is arc not recognizable as separate parts ot the posterior tnnicnlns 
below the level of the sixth thoracic segment. 

The descending branches of the fibers of the medial division of the dorsal 
root are all relatively short. The shortest terminate at once in the gray matter 
of the posterior column. Others descend in the fasciculus intcrfasciculems, or 
comma tract of Schultz, which is situated between the fasciculus gracilis and 
the fasciculus enneatus; and still others run near the posterior median septum 
in the sc ptoiuaryiual fasciculus (Figs. 147, 140). In both of these' fascicles they 
are intermingled with descending fibers, arising from cells within the gray 
matter of the spinal cord. 

Medial division of dorsal root 


Fasciculus cuneatus 

Dorsolateral 
fasciculus 


Lateral division of dorsal' 
root 



Dorsal spino¬ 
cerebellar tract 


Dorsal spinocerebellar tract — 


Ventral spino¬ 
cerebellar tract 

Lateral spino¬ 
thalamic and 
spinotectal tracts 

- Ventral spinothalamic 

tract 

Figckk 143. Diagram of the spinal cord and dorsal root, showing the divisions ot the dorsal root, 
the collaterals ot the dorsal root fibers, and some of the connections which are established by 
them. 


Collaterals. At intervals along both ascending and descending branches 
collaterals are given off which run ventrally lo end in the gray matter (Fig. 
141). They are much finer than the fibers from which they arise, and the total 
number arising from a given fiber is rather large. As has been mentioned 
earlier, fibers from one dorsal root may extend to many adjacent segments 
of the cord. Some of them end in the ventral gray column; others, in the 
posterior gray column, including the substantia gelalinosa and the nucleus 
dorsalis; still others run through the dorsal commissure lo the opposite side of 
the cord, where they appear to end in the posterior columns (Fig. 143). In 
Fig. 141 there are illustrated the arborizations formed bv some of these col- 
laterals about cells of the posterior column. 

The terminals of the descending branches and of those ascending branches, 
which do not reach the brain, end as do the collaterals within the gray matter 
of the spinal cord. 

The fibers of the lateral division of the dorsal root are all very fine. The 
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majoi it\ <110 unmyelinated and ean he recognized only in preparations in which 
the axons are stained. In Weigcrt preparations one must look carefully to find 
the fine m\chnatcd fibers contained m this division. But in pyridine-silver 
picpaiations great numbers of delicate axons ean be seen to turn lateralward 
as the root filament enters the cord. These constitute the lateral division of 
the root and enter the dorsolateral fasciculus or tract of Lissauer (Fig. 143 ). The 
medial division, on the other hand, consists exclusively or almost exclusively 
ot mi clinatcd fibers and all of the large fibers from tin* root enter it. The 
filui.s of the lateral division ot the root divide into ascending and descending 
branches, both of which, however, are very short. The ascending branch, which 
is the longer ol tin* two, does not extend more than the length of one or two 
segments in the long axis of the cord (Ransom 1913. 1914). 

1 he dorsolateral fasciculus, or tract ot Lissaucr, lies between the apex of 
the posterior column and the periphery ol the cord, and varies greatly in shape 
and size at the different levels (Tigs, l^fi— P29). It is composed of unmyelinated 
and fine myelinated fibers, which are derived in part from the lateral division 
of the dorsal root and in part arise from cadis m the neighboring grav matter 
(Tig. 133). I hough called a tract most of its fibers end within a segment or two 
of the point of entrance into the cord. 

AFFERENT PATHS IN THE SPINAL CORD 

All a Heron t impulses which reach the* cord are carried by the dorsal root 
fibers, and so their course' and distribution are of great significance. Intero¬ 
ceptive' fibers from the viscera, proprioceptive fibers from the* muscle's, tcuiclons, 
and joints, as well as exteroceptive fibers from the: skin are included in these 
roots; among the latter group are several subvarieties, mediating the afferent 
impulses out of which the sensations of touch, heat, cold, and pain are 
elaborated. \\ hile the* fibers carrying these various impulses were intermingled 
in the nerves, they showc'd in the medial and lateral divisions of the dorsal roots 
a beginning of segregation. In the paths of the cord there is further segregation 
of functional groups of fibers. 

The proprioceptive fibers, which terminate at the periphery in neuro¬ 
muscular and neurotendinous spindles and in Pacinian corpuscles, are known 
to be myelinated. I hey must, therefore, pass through the well mvelinated 
medial division of the dorsal root into the posterior funiculus. As shown by 
Brown-Secpiard in 184? by a study of patients with unilateral lesions of the 
spinal cord, sensations from the muscles, joints, and tendons reach the brain 
without undergoing a crossing in the spinal cord. This and other evidence 
points unmistakably to the long ascending branches of the dorsal root fibers, 
which are continued uncrossed in the posterior funiculus to the medulla 
oblongata, as the conductors of this type of sensation. When these fibers arc' 
destroyed by a tumor or other lesion confined to the' posterior funiculus, 
muscular sensibility and the recognition of posture are abolished, while crude 
touch, pain, and temperature sensations remain intact. 

No belter exposition of the proprioccptirc functions could be furnished 
than by describing the sensory deficiencies found in ease's of tabes dorsalis or 
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locomotor alaxia, a disease in which there is degeneration ol llie posterior 
IHmenli. Lvmg in 1 )(‘< 1 , with eyes closed, a tabetic may not lx* alile to sa\ in 
what position Ins tool has been placed by an attendant because aflorent nnpnlses 
from tin* muscles, joints, and tendons tail to reach the cerebral cortex to aionsi 
sensations of posture. Not only an* the sensations ol this variety lacking, but 
the unconscious reflex motor adjustments initiated by proprioceptive afferent 
impulse's are also impaired. Standing with leel together and eyes closed, the 
patient loses his balance and sways from side to side. In walking his gait is 
uncertain and the movements of his limbs poorly coordinated. All ol this motor 
ineoordinaton is explained by a loss of the controlling afferent impulses from 
the muscles, joints, and tendons. 

Some of the fibers which ascend in the posterior funiculus to reach the 
nucleus gracilis and euneatus convey a peculiar form of sensation, a sense of 
vibration such as is produced by the handle of a tuning fork resting upon 
subcutaneous bone, and in addition the fibers conveying impulses ol tactile 
localization and discrimination have a similar course. Sensitiveness to vibration 
is lost along with muscle sense in degeneration of the posterior funiculus. 

The long ascending fibers of the posterior funiculus, which reach the bram 
and end in the nucleus gracilis and euneatus, arc* for the most part proprio¬ 
ceptive in function (Fig. l 2(>!)). The connections which they make there can 
best be considered in another chapter. Collaterals and many terminal branches 
end in the gray matter of the cord, entering into synaptic relations with the 
neurons of the spinocerebellar paths and with neurons belonging to spinal reflex 
ares. 

Proprioceptive Paths to the Cerebellum. The spinocerebellar tracts are 
concerned with the transmission to the cerebellum of afferent impulses from 
the muscles, joints, tendons, and skin, which remain, however, at a sub¬ 
conscious level. The primary afferent neurons conveying these impulses are the 
same whether tin* impulses go eventually to the cerebrum or cerebellum. 

The dorsal spinocerebellar tract (fasciculus spinoecrebellaris dorsalis, direct 
cerebellar tract of Flechsig, fasciculus corcbcllospinalis) is a well defined 
bundle at the surface of the lateral funiculus just ventral to the posterior 
lateral sulcus (Figs. 14.‘>, 14!)). In cross-sect ion it has the form of a flattened 
band, situated between the periphery of the cord and the lateral corticospinal 
tract. It begins in tin* upper lumbar segments, is prominent in the thoracic and 
cervical portions ol the cord, and transmits impulses to the cerebellum from 
the muscles of the trunk and legs. It consists of uniformly large fibers, which take 
oriirm from tin* cells ol the nucleus dorsalis ol the same side and perhaps to a 
slight extent from I hose ol tin* opposite side (Strong. !!)!>(>). I his nucleus forms 
a prominent feature ol the sections through the thoracic portion of the cord, 
but is not found above tin* eighth cervical nor below the second lumbar seg¬ 
ments. A conspicuous bundle ol myelinated collaterals Irom fibers of the lasci- 
eiilu.s cuueal us run to this nucleus where their arborizations lorm baskets about 
the individual cells of the nucleus. 77/e fibers arisini) from the cells oj the 
nHelens dorsalis run to the periphery of the lateral jumeulus , where they turn. 
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roslrally and form the dorsal spinocerebellar tract . which reaches the cerebellum 
by way <>t the interior cerebellar peduncle ( Fig. ^(ID). 

The ventral spinocerebellar tract constitutes the more superficial portion of 
n Inige ascending bundle ot fibers, known as the fasciculus anterolatcralis super¬ 
ficially or Gowers tract, which also includes the spinotectal and lateral spino¬ 
thalamic tracts (big. 149). It is situated at the periphery of the lateral funiculus 
\cntral to the tract we have just considered. It is said to consist of fibers irhic/i 
arise from the cells of the posterior pray column and intermediate pray matter 
of the same and the opposite side. These fibers reach the cerebellum by wav of 
the medulla, pons, and anterior medullary velum (Fig. c 2(>9). 

brom what has been presented above, it will be apparent that collaterals 
and terminal branches of proprioceptive dorsal root fibers enter into svnaptic 
relations with certain iutraspinal neurons, the axons of which run to the cere¬ 
bellum by way of the ventral and dorsal spinocerebellar tracts. The entire path 
from periphery to cerebellum, therefore, consists of two neurons with a synaptic 
interruption in the gray matter. 

Exteroceptive Sensations. There is good reason for believing that there are 
separate fibers for each of the four modalities of cutaneous sensation: touch, 
warmth, cold, and pain. In the spinal nerves these fibers are intermingled so 
that an injury to such a nerve usually affects all four modalities simultaneously, 
but in the spinal cord there is a segregation of the sensory pathways. Separate 
points on the skin can be located which respond to stimulation with these sep¬ 
arate sensations, specific nerve endings have been identified in the body cover¬ 
ings for each of them, and the types of nerve fibers supplying these can be 
distinguished. The nerve fibers supplying large encapsulated endings sensitive 
to touch and pressure are large and myelinated. Those supplying the endings 
believed to be responsible for pain and temperature sense are small myelinated 
or unmyelinated. When these fibers enter the cord thev become segregated as 
described above. The large myelinated ones conveying touch and pressure pass 
l)\ wa\ ot the medial division ot the dorsal root into the posterior funiculus and 
run with the proprioceptive libers then'. As these fibers ascend they give off 
collaterals to the gray matter of the successive levels of the spinal cord through 
which they pass. The tactile impulses from a given root, therefore, do not enter 
the gray matter all at once, but filter forward through the collaterals and ter¬ 
minals ot these dorsal root fibers to reach the posterior gray column in a con¬ 
siderable number of segments above that at which the root enters the cord. 
Within the posterior gray column at these successive levels the terminals and 
collaterals ot the tactile fibers establish synaptic connections with neurons of 
the second order, the axons of which cross the midliue and form the neutral 
spinothalamic trad of the opposite side (Fig. 144). If the tactile fillers of the 
second order art* destroyed in the anterior commissure at oik* level, as in svruigo- 
myelia, they are likely to be intact at another level so that tactile impulses can 
get past the lesion. Muscle sensibility is not involved by destruction of com¬ 
missural fibers because the fibers concerned extend up the posterior funiculus 
without crossing. 

It is in this path in the posterior funiculus, along with the fibers conveying 
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muscle sense impressions lo conscious areas, tlnil llie more critical types ot tac- 
tile sensibility, tactile localization and discrimination, are conveyed. 

To the ventral spinothalamic tract is assigned crude touch and pirssuic 
sense. The uncrossed path m the posterior Innicnlns tor tactile impulse's, enteimg 
the cord through any given dorsal root, overlaps by many segments tin* crossed 
path in the ventral funiculus (Fig. L 2()4), and many uncrossed fibers reach the 
nuclei of the funiculus gracilis and funiculus cunealus in the medulla oblongata. 
This extensive overlapping of the crossed by the uncrossed path accounts tor 
the fact that lateral hcmiseclion of the human spinal cord rarely causes marked 
disturbance of tactile sensibility as detected by ordinary methods of testing. 



The ventral spinothalamic tract is an ascending bundle of fibers found in the 
anterior funiculus. It mediates taefile sensibd 1 1 ij and eonsists oj fibers which take 
origin from eells in the posterior column of the opposite side , cross the median 
plane in the anterior white commissure, and ascend in the central junicidiis to 
end within the thalamus (Figs. 144, C 2(I4). It is possible that many of the fibers 
do not reach the thalamus directly, but terminate in the gray matter of the cord 
and medulla oblongata in relation to other neurons, whose axons continue the 
course to the thalamus. If this be so, the path consists in part of relays of 
shorter neurons (I)ejerine, I!) 14). 

The Conduction of Sensations of Pain, of Heat, and of Cold. The small 
myelinated fibers, which convey thermal sensibility, and the fine myelinated 
and unmyelinated fibers, which convey pain, enter the spinal cord through the 
lateral division of the dorsal root and end in the substantia gelatinosa Rolandi 
within one or two segments of the point of entrance. Here they synapse with cells 
the axons of which cross the midline in the ventral white commissure and ascend 
on the opposite* side of the cord in the lateral spinothalamic tract. The sensory 
dissociation characteristic of syringomyelia gives information concerning the 
course of the sensory pathways within the spinal cord. Jn this disease, cavity 
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formation begins in the region of the central canal and soon destroys the ad¬ 
jacent commissures. Since the fibers forming the lateral spinothalamic tracts 
slai t their course by crossing in the commissures near the level of entrance of 
the primary afferent fibers, while the tactile fibers give off collaterals at many 
levels to synapse with commissural neurons forming the ventral spinothalamic 
tract, there results a loss ot pain and temperature sensations in corresponding 
segments of the body, but with unimpaired taetile sensibility. 

It is well established on the basis ot clinical observations that the paths for 
sensations ot heat and cold follow closely those for pain. They pass through the 
gia\ matter within two segments after entering the cord, cross to the opposite 
side, and ascend in the lateral spinothalamic tract. According to May (1000), 
"It is clear that there are distinct and separate paths for the impulses of pain, 
of heat, or ot (‘old in the spinal cord, and that these different and specific cjiiali- 
lies ot sensation may be dissociated in an affection of the spinal cord." That is, 
one of these forms of sensibility may be lost, although the other two are re¬ 
tained. But as these paths are anatomically verv eloselv associated from origin 

* * * 

to termination these three forms of sensation are usually affected to a like de¬ 
gree.” 

Section of the lateral spinothalamic tract for the relief of intractable pain is 
now a well recognized surgical procedure. When the section is made on one side 
only, there is analgesia of the opposite side of the body np to the caudal level 
of the first segment below the lesion. This analgesia involves the skin, muscles, 
fasciae, tendons, and bones but not the viscera. Bilateral section is required to 
abolish visceral pain. A careful study ot patients on whom this operation has 
been performed has shown that in the lateral spinothalamic tract the fibers 
mediating temperature sensation lie dorsal to those for pain. There is also a 
lamination ot the fibers according to their segmental origin. As it ascends in 
the spinal cord the tract increases in size by the addition of fibers to its ventro¬ 
medial border. The fibers from the sacral segments continue to occupy a rela¬ 
tively superficial position. Superficial involvement of the lateral funiculus at 
any level of the cord is, therefore, likely to produce sensory disturbances lim¬ 
ited to the regions supplied by the sacral nerves, deeper injury producing more 
disturbance of higher spinal levels up to the level of injury (Foerster and Gagel, 
1!)T2). 


Not Jill ol the fibers ol the lateral spinothalamic tract reach the thalamus. According to Alav 
(190()) . “Some of these libers certainly pass directly to the thalamus, while others terminate in 
the intermediate gray matter, and thus, by means ol a series ol short chains, afford secondary 
paths to the same end station, which may supplement the direct path, or be made available after 
interruption ol the direct path.” It has been shown in many cases in man and animals that, after 
a complete hemiseetiou of the spinal cord, the loss of sensibility to pain on the opposite side of the 
body below the lesion was only temporary. In time there may occur a more or less perfect restoration 
of pain conduction, showing that the homolateral side of the cord is able to supplement or replace 
the helerolateral path. I best* short chains, which aK*„ol secondary importance in man. are much 
better developed in the cat. In this animal pain conduction through the spinal cord is bilateral and 
is effected to a large extent through a series of short relays. (Karpins and Kreidl, 1914: Ranson and 
Billingsley. 191(>.) An excellent account of sensation in patients with spinal cord lesions is given by 
Foerster (1930*). 

Evidence has been presented which points toward the fine myelinated and unmyelinated fibers 
of the spinal nerves and dorsal roots as the pain fibers (Ranson, 1931). Space does not permit a 
detailed presentation of the evidence here. It should be noted, however, that the delicate fibers of 
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the lateral division of lhe dorsal root terminate in the gray matter soon after their onlranee into 
the .spinal cord, and in this respect correspond to tin- known course of tlic fibers carrying; paminl 
impulses. 'Idle prol.lem can be approached from the experimental standpoint. The seventh lumbar 
dorsal root of the cat was found to be especially adapted for such a lest, dins root as it approaches 
the cord breaks up into a number of filaments which spread mil in a longitudinal direction ami 
enter the cord along the posterolateral salens. Within each root filament, as it approaches this salens, 
the unmyelinated separate mil from among the myelinated libers and lake up a position around the 
circumference of the filament and along septa that divide it into smaller bundles. As the loot enters 
the cord, these unmyelinated libers turn laterally into the dorsolateral fasciculus, constituting 
together with some line myelinated fibers the lateral division of the root (I'ig. 1 h>;. A slight (.nil in 


Fosterior funiculus. 
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From a section of the seventh lumbar segment of the spinal cord of the cat, showing 
the unmyelinated fibers of the dorsal root entering the tract ot Lissancr. 


the direction of the arrow, which as shown by subsequent microscopic examination divided the lateral 
without injury to the medial division ol the root, at mice eliminated the pain reflexes obtainable from 
this root in the anesthetized eat. such as struggling, acceleration of respiration, and rise ol blood 
pressure. On the other hand, a long deep cut in the plane indicated by II, l*ig. 1 b>. which severed 
the medial division of the root as it entered the cord, had little or no elleel on the pain reflexes. 
This series of experiments, the details of which are giv en elsewhere (Hanson and Billingsley. l!)l(i), 
furnishes strong evidence that painful afferent impulses are carried by the fibers of the lateral division 
of the dorsal root. Convincing physiologic evidence that pain is mediated by unmyelinated as well as 
fine myelinated fibers of the spinal nerves has been furnished. 

Tlic exteroceptive libers under coiisidtTalion carry aflerent impulses from 
llic skin lo tlic spinal cord, in addition to making' connection with local reflex 
mechanisms and with neurons forming the long paths to conscious levels make 
other connections. Many of I In* impulses which enter the cord over these fibers 
expend themselves at various levels of the spinal cord and brain stem in un¬ 
conscious regulation of muscular activity, for example, those impulses which 
ascend in the spinotectal tract. 
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1 lie spinotectal tract consists of fibers winch arise from cells in the posterior 
i*ia\ column, and which, alter crossing, ascend in the lateral funiculus in com¬ 
pany with those of the lateral spinothalamic tract to end in the roof (tectum) 
ol the mesencephalon (big. 141)). Since here are located re flex connections with 
other afferent impulses, as auditory and visual, it is to lx* supposed that some 
integration ol the motor responses to stimuli from various sources may take 
place here. 

'Idle spino-olivarv tract is composeil of ascending fibers running from the 
spmal cord to the interior olivary nucleus ol the medulla oblongata. Tliev are 
intermingled with the olivospinal or bulbospinal fibers which run in the oppo¬ 
site direction. From the inferior olivary nucleus many fibers pass across the 
midline to reach the cerebellum. 

1 ’rom animal experiments it appears that impulses carried by spino-olivarv 
fillers are relayed to the same zones of the cerebellum to which the dorsal spino¬ 
cerebellar tracts are distributed, that is, largely tin* medial (vcrmal) portion of 
the* anterior lobe, and to a less extent to the more posterior portions of the 
vermis (Brodal et ah, 1950). 

Spinoreticular fibers run in the lateral funiculus of the cord to the medulla 
oblongata and terminate' in the lateral reticular nucleus, especially its caudal 
and more supe*rficial portiems which are.* the parts e>t the' nucleus sending fibers 
lei the vermis <>1 the* ce*rcbe*llum. 1 his may represent a route of e’xlcroceptive im¬ 
pulses to the* ceTe'bellum (Brodal, 1949). There are ;i 1 se> spino-pontine fibers 
which ascend in the* region between the 1 ventral and lateral corticospinal tracts 
to terminate on cells of the nuclei pemtis. Those fibers are* both crossed and 
uncrossed (Walberg and Bmelal, 1958). 

Interoceptive fibers are* known to be presemt in the* thoracic and upper lum¬ 
bar spinal nerves, and the're* accompany the* thorae'icolumbar prcgangliemie 
autonomic outflow. 1 he*re* is nisei cvidemcc* that they eie'eur in certain sacral 
nerves, but they are absent or not elise-overed in cervical nerves, and the course 
e>f the fiber tracts in the' spinal core I in mammals is not well known. If visceral 
pain is takem as an e'xample, the* fibers probably pass up the* cord in short relays. 

In the e*at, a ft cron l impulses from splanchnic ne'rves have* been traee'd bv 
electrical means by twei routes tei higher centers. One path goes through the' 
homolateral fasciculus gracilis and the opposite* medial lemniscus to the 1 nue'leus 
veillrails postcreilate'rahs ot the* thalamus; another extends bilnterallv upwarel 
in the regiem ot the spinothalamic trae*ts re*aehing the peiste'rior hypothalamus 
and caudal part of thalamus on both sides. The* bilateral character of the* path 
may explain the* failure* of some* unilateral operatiems on the e'eird tor intractable 
pain (Aidar, Geeihegan, and Ungewitter, 1951). 

Summary of the Sensory Pathways. From what has be*en said above, it 
will be apparent that the paths mediating pain and temperature sensibility 
cross promptly to the opposite side ot theVord and ascend in flu* lateral spino¬ 
thalamic tract. Idle* path for touch crosses more gradually into the ventral 
spinothalamic tract of the opposite side*, the iincrossoel path in the posterior 
funiculus overlapping by many segments the crossed path in the ventral funicu¬ 
lus. The sensory impulses from the muscles, joints, and tendons, as well as some 
elements of tactile sensibility, are carried upward on the same side of the cord 
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1 >y the lout* ascending brandies of llie dorsal root fibers, which lenninale in the 
nuclei of lhe funienlns gracilis and the funiculus cuncatus. From here a second 
neuron convevs (he impulses lo lIn* lhalainus by way ol the medial lemniscus 
of the opposite side. 

Referred Pain. The term “referred pain" has no exact limitation and is 
used to describe pains of more than one type. Fain caused by visceral disease is 
often felt on the surface of the body. Idle surface area to which the pain is re¬ 
ferred usually lies within the dermatomes associated with the cord segments 
which receive sensorv fibers trom the diseased visens. 1 he outlines of such pain¬ 
ful areas resemble the arrangement of the dermatomes and not the distribution 
of the peripheral nerves. The receptive mechanisms within the spinal cord toi 
visceral and somatic pain are closely associated. 1 he surface area to which the 
pain is referred may be tender and painful when touched. It seems probable that 
the spinal receptive mechanism within the segment or segments, corresponding 
to the dermatomes involved, is activated by the stream of painful impulses from 
the viscera and for this reason has a lower threshold for impulses from the skin. 
This involves the assumption “that both somatic and visceral afferent fibers 
carry impulses which affect a common pool of secondary neurons (Ilinsey and 
Phillips, 1940). 

Experiments bv Txellgren (Lewis. 19T2) demonstrated that pain experimentally produced by 
injecting sail solution m muscles or mterspmous ligaments ol tile vertebral column is distiilmted 
in a segmental pattern like that trom viscera. I his segmental distribution is similar to the pattern 
of dermatomes except that in the extremities some segments are not represented as lar distalward. 

Lewis points out that pain is localized well in the skin and closely related mucous membranes, 
fairly well in deep fasciae, and poorly in viscera. He suggests that pain fibers are not as numerous 
in the viscera as in superficial structures (witness the apparent insensitivity to cutting and burn¬ 
ing) and that the production of pain from a visens involves spatial summation; this could underlie 
inability to localize visceral pain and at the same time offer explanation of its diffuse quality. 

ASCENDING AND DESCENDING DEGENERATION OF SPINAL CORD 

When as a result of an injury a nerve fiber is divided, that part which is 
severed from its cell of origin degenerates, while the part still connected with 
that cell usually remains intact. This is known as W'allerian degeneration, and, 


Table Showing the Location of the Chiej Fiber Tracts of the Spinal Cord 
and the Direction in which They Degenerate 



ASCENDING DEGENERATION 

DESCENDING DEGENERATION' 

Anterior funiculus 

N eutral spinothalamic trad 

N eutral corticospinal tract 
Vestibulospinal trad 

Tectospinal tract 

Lateral funiculus 

Dorsal spinocerebellar tract 

Lateral corticospinal tract 


Ventral spinocerebellar tract 

Rubrospinal tract 


Lateral spinothalamic trad 
Spinotectal tract 

bulbospinal tract 

Posterior funiculus 

Ascending l>r;i itches ol the 

Fasciculus interfascicnlaris 


dorsal root libers 

Septomarginal trad 
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as will be readily understood, gives valuable information concerning the course 
of the fiber tracts. In case of a complete transection of the spinal cord, all the 
ascending fibers whose cells arc located below the cut will degenerate in the 
segments above, while those descending fibers whose eells of origin are located 
above will degenerate below the lesion (Fig. 140). Injury to the dorsal roots 



Figure 140. Diagram of t he spinal cord to illustrate the principle of Wallerian degeneration. 
The broken lines represent the degeneration resulting from: 1. Section of the ventral root; -2. section 
of the spinal nerve distal to the spinal ganglion; 3. section of the dorsal root proximal to the spinal 
ganglion, and 4. a lesion in the lateral funiculus. 

proximal to the spinal ganglia causes a degeneration of the dorsal root fibers 
throughout their length in the spinal cord. Brain injuries may, according to then- 
location, result in the degeneration of one pr more of the tracts which descend 
into the spinal cord from above. 

By the study of a great many cases of injury to the central nervous system 
in man and of experimentally produced lesions in animals a very considerable 
amount of information has been obtained concerning the fiber tracts of the 
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spinal cord. r Fhis has been supplemented by a study of developmental stages 
which allows the tracing of tracts since the myelin sheaths ot the fibers of 
separate tracts are acquired at different times. This is summarized in the table 
(p. 104) and in Fig. 140. 

The fasciculi proprii or ground bundles are composed of short ascending 
and descending fibers, which arise and terminate within the gray matter ot the 
spinal cord and link together its various segments. These fascicles, one ot which 


Fasciculus gracilis - 


Spinocerebellar, spinotectal, and lateral. 

spinothalamic tracts 



Cervical enlargement 
ascending degeneration 



Upper thoracic 

ascending degeneration 



Middle thoracic 
site of compression 


Fasciculus interfascicularis 


Septomarginal fasciculus 
Lateral corticospinal tract 



Lower thoracic 

descending degeneration 


•p*.. 



Upper lumbar 
descending degeneration 


Septomarginal fasciculus, oval area of Flechsig ... % 


Lateral corticospinal tracts 



Lower lumbar 

descending degeneration 


Figure 147. 


Ascending amt descending degeneration resulting from a compression of tlie thoracic 
spinal cord in man. Mnrciii method. (Iloche.) 


is present in each of the three funiculi, immediately surround the gray columns. 
After a transection of the spinal cord the fasciculi proprii undergo an incom¬ 
plete degeneration for some distance both above and below the lesion (Figs. 
14(>, 147). In cross-section the ground bundle of the posterior funiculus has the 
form of a narrow band upon the surface of the posterior column and posterior 
commissure, and was once called the cornucommissurnl bundle (Fig. 14D). In 
addition to this fascicle there are in the posterior funiculus two other tracts 
which in part belong to the same system—the septomarginal tract and the 
fasciculus interfascicularis , or comma tract of Schultze. These are both com¬ 
posed of descending fibers, in part of inlraspinal origin and in part representing 
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the descending; branches of tlie dorsal root fibers. The septomarginal tract is situ¬ 
ated along the dorsal periphery of the posterior funiculus in the thoracic region; 
it takes up a position along the septum in the lumbar segments (oval area of 
Flechsig); and in the sacral region it forms a triangular field at the dorsomcdial 
angle of the posterior funiculus (triangle of Gombault and Philippe) (Fig. 147). 
1 he fasciculus interfascieularis is best developed in the thoracic segments, where 
it occupies a position near the center of the posterior funiculus. 

In the anterior funiculus , in addition to the fasciculus proprius which im¬ 
mediately surrounds the gray matter, there is a thin layer of similar fibers 
spread out along the border of the anterior fissure and known as the sulcomar¬ 
ginal fasciculus. This contains also fibers which descend into the cord from the 
medial longitudinal bundle of the medulla oblongata. 

As a general rule, the short fibers of the fasciculus proprius lie nearer the 
gray substance than the fibers of greater length, and the long tracts, which con¬ 
nect the spinal cord with the brain, occupy the most peripheral position. But 
the fact must not be overlooked that many fibers of the fasciculus proprius are 
intermingled with those of the long tracts. 


LONG DESCENDING TRACTS OF THE SPINAL CORD 

Fibers which arise from cells in various parts of the brain descend into the 
spinal cord, where they form several well defined tracts. The most important 



and most conspicuous of these are the cerebrospinal fasciculi, which are more 
properly called the corticospinal tracts. Their constituent fibers take origin from 
pyramidal cells of the precentral gyrus orjnotor region of the cerebral cortex 
(and probably some other regions) and pass through the subjacent levels of the 
brain to reach the spinal cord (Fig. 148). Just before they enter the spinal cord 
they undergo an incomplete decussation in the medulla oblongata, giving rise to 
a ventral and a lateral corticospinal tract in each lateral half of the cord. 
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The Lateral Corticospinal Tract (Crossed Pyramidal I ract. Fasciculus Cere- 
brospinalis Lateralis). The majority of the pyramidal fibers, after crossing the 
median plane in the decussation of the pyramids, enter the lateral funiculus of 
the spinal cord as the lateral corticospinal tract, which occupies a position be¬ 
tween the dorsal spinocerebellar tract and the lateral fasciculus proprius (Fig. 
149). In the lumbar and sacral regions, below the origin of the dorsal spinocere¬ 
bellar tract, the lateral corticospinal tract is more superficial. It can be traced 
as a distinct strand as far as the fourth sacral segment, and as it descends in the 
spinal cord it gradually decreases in size. Throughout its course in the spinal 
cord it gives off collateral and terminal fibers which end in the gray matter in 
synapses with the primary motor neurons or with neurons intercalated between 


Fasciculus septomarginal is 


Fasciculus intcrfascicularis N 

Fasciculus proprius , 

Sensory fibers of the 
second order 

Lateral corticospinal 
tract 

Rubrospinal tract— 


Fasciculus proprius-- 


Olivospinal tract 

Vestibulospinal tract 



Tectospinal tract j 
Ventral corticospinal tract 


Fasciculus gracilis 

-'Fasciculus c uneat us 

--'Dorsolateral fasciculus 

_ Dorsal spmocercbcllar 

tract 

" Fasciculus proprius 

.Ventral spinocere¬ 
bellar tract 

FJ--■Lateral spinothalamic 
tract 

Spinotectal tract 

-- - - Ventral root 

Ventral spinothalamic tract 
' Sulcomarginal fasciculus 


Figure 149. Diagram showing the location of the principal fiber tracts in the spinal cord of man. 

Ascending tracts on the right side, descending tracts on the left. 

the pyramidal endings and the motor neurons. A few fibers from the pyramid 
run without crossing into the lateral corticospinal tract of the same side (Fulton 
and Sheehan, 1995). 

Approximately half the corticospinal fibers arc distributed to cervical segments of the spinal 
cord, a fifth to tin* thoracic, and nearly a third to the lumbar and sacral segments. But the cervical 
segments supply only a third (by weight) of the muscle of the body, and the thoracic segments 
a tenth while over half of the muscle is supplied by the lumbosacral segments. (Weil and l.assek. 
19-29.) 

The fibers ol the corticospinal tract that supply the cervical segments of the cord lie in its 
medial portion, those supplying lumbar segments lie laterally with fibers to thoracic segments 
between (Walker, 19 tO) . 

The ventral corticospinal tract (fasciculus ccrobrospinalis anterior or direct 
pyramidal tract) is formed by those corticospinal fibers, which do not cross in 
the medulla but pass directly into the ventral funiculus of the same side of the 
cord. They form a tract of small size, which lies near the anterior median fissure 
and which can be traced as a distinct strand as far as the middle of the thoracic 
region of the spinal cord. Just before terminating, these fibers cross in the ante¬ 
rior white commissure. They end like those of the lateral corticospinal tract, 
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cither directly or through nil intercalated neuron, in relation to the motor colls 
in the anterior column. Although the crossing of these fibers is delayed, it will bo 
apparent that the fibers ot the ventral as well as of the lateral corticospinal 
tract arising in the right cerebral hemisphere terminate in the anterior column 


ot the lett side ot the cord, and conversely, those from the left hemisphere end 


on the right side. It 
of the cerebral cortex 
voluntary control. 


is along these fibers that impulses from the motor portion 
reach the cord and bring the spinal motor apparatus under 


II is not certain that all tlie fillers of the ventral corticospinal tract cross in the anterior white 
commissure (Lewmnlowskv. 1907). Some ol them may end in the anterior {'ray column of the 
same side. ^Moreover then? arc some uncrossed fibers in the lateral corticospinal tract. This inay 
explain the part which the homolateral hemisphere plays in the slight recovery of motor function 
which occurs in a paralyzed limb long after destruction of the opposite motor area. 11 o ft* (19.T2) 
believes that corticospinal fibers terminate in both the anterior and tin* posterior columns. Evidence 

that corticospinal tract fibers in the cat end in the dorsal and intermediate gray matter, including 

the nucleus dorsalis and nuclei of gracilis and cuneatns. has been presented by Chambers and Liu 
(19.77). who furthermore found no signs ol such endings in the ventral horn. The corticospinal 

path is from the standpoint ol phylogenesis a relatively new system and varies a great deal in 

different mammals. It is found in the ventral funiculus in the mole, while in the sheep and rat it 
occupies the posterior funiculus. In the mole it is almost completely unmyelinated, in the rat largely 
so. It contains many unmyelinated fibers in llie cat, fewer in the monkey. In man it does not become 
fully myelinated before the second year. 


AH cm* complete removal of t lie cortex of oik* cerebral hemisphere the homo- 
lateral pyramid loses practically all its fibers, but in the spinal cord the regions 
occupied by lateral and ventral corticospinal tracts show many scattered fibers, 
emphasizing the overlap of tracts in the cord by the entrance of fibers from other 
sources (Lassek and Avails, 194(>). 

The rubrospinal tract (trad of Monakow) is situated near the center of the 
lateral funiculus just ventral to the lateral corticospinal trad (Fig. 149). Its 
fibers come from the red nucleus ot the mesencephalon, cross the median plane, 
and descend into the spinal cord. While in most mammals it is one of llie most 
conspicuous tracts in the cord, it is small in man, and its course in the human 
spinal cord has never been accurately traced (Andre-Thomas, I95(>). Probably 
it ends, either directly or through an intercalated neuron, in relation to the 
primary motor cells oT the anterior gray column. In the cat it has been shown 
to extend as a completely crossed path all the way to the lumbosacral cord 
(Pompeiano and Brodal, 1957). 

Other Descending Tracts. The olivospinal iraei is a small bundle of fibers 
found in the cervical region near the surface of the lateral funiculus opposite the 
anterior column. 1 he fibers arise from cells in the medulla oblongata, possibly 
in the interior olivary nucleus, and end somewhere in the gray matter of the 
spinal cord. The exact origin and termination of the trad is unknown. The 
tectospinal Intel is composed of fibers which lake origin in the roof (ledum) 
of the mesencephalon, cross the median *plane and descend into the anterior 
funiculus ot the spinal cord, and end in the gray matter of tin* anterior column. 
The trad is concerned with optic and auditory reflexes. Tin* vestibulospinal 
tract , also located in the anterior funiculus, arises from the lateral nucleus of the 
vestibular nerve in the medulla oblongata and conveys impulses concerned in 
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the maintenance of tonus and equilibrium. Some of its fibers can be traced as 
far as the lower lumbar segments. They end in lhi' gray matter of the anterior 
column. Fibers have been traced into the spinal cord from large cells of the 
reticular formation of the pons and medulla oblongata constituting the reticulo¬ 
spinal tracts (Papez, 1920). The work of Magoun has emphasized the importance 
of the facilitating and inhibitory mechanisms found in the reticular formation 
which are related to the control of activity of skeletal muscle. Reticulospinal 
fibers must be involved here. 


Dorsal spinocerebellar tract 


Face, interfascicular is 


Lateral corticospinal 
tract 


Ventral corticospinal 
tract 



Ventral spinocerebellar tract 

Lateral corticospinal tract 
Fasc. interfascicular is 

Dorsal spinocerebellar 
tract 


Ventral spinocere¬ 
bellar tract 


C. VII 

Ventral spinocerebellar tract 


Ventral corticospinal 
tract 



Dorsal spinocerebellar tract 
Septomarginal Fasc. 

Fasc. interfasci- 
cularis 

Lateral 
corticospinal 
tract 


T. XII 


T. II 

Lateral corticospinal tract 


Septomarginal Fasc.; oval area 
Ventral spinocerebellar tract 

/ Septomarginal Fasc.; 
triangle 


L. Ill 


S. V 


Figure 150. Diagrams showing the shape and location of certain fiber tracts at several levels of the 
human spinal cord. Ascending tracts on the right side, descending tracts on the left. 

Descending fibers carrying facilitating influences to spinal motor mecha¬ 
nisms arise throughout the brain stem while those carrying inhibitory influences 
to the cord arise in the medulla oblongata. The influence of the centers giving 
rise to these fibers is exerted bilaterally, the facilitatory fibers crossing in brain 
stem and cord, the inhibitory fibers crossing only in the cord. The reticulospinal 
fibers run in the lateral and ventral funiculi widely scattered and overlapping, 
although there is some concentration of facilitatory fibers dorsally and inhibitory 
fibers vent rally in this region (Xiemer and Magoun, 1947). 

Since the medulla has within it reflex centers concerned with respiration, 
heart rate, and other visceral mechanisms, the pathways carrying such influ¬ 
ences must in part lake origin there. 

Descending paths concerned with visceral control have been obscure. In 
the monkey, Beaton and Leininger (194B) found paths concerned with sweating 
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in the Intelal ami anterolateral region of tile spinal cord which crossed, probably 

completely. just betore reaching the level ot their appropriate preganglionic out- 
flow. 

The outlines of the various tracts given in Fig. HO should not be taken too 
seriously. I he spinotectal and the ventral and lateral spinothalamic tracts do 
not form well defined bundles. On the contrary, their fibers are widely scattered 
and intermingled with those of the fasciculus proprius. Exact information is 
not available about the rubrospinal, vestibulospinal, and tectospinal tracts in 
man. Information obtained from experiments on animals cannot always be 
safely applied. A large and compact rubrospinal tract has been traced through 
the spinal cord in cats and other mammals; there is good reason to believe that 
rubrospinal fibers are present in man (Stern, 1938). It is known that some of 
the fascicles and tracts undergo changes in size, shape, and location at various 
levels of the human spinal cord as indicated in Fig. 150. The ventral cortico¬ 
spinal tract diminishes rapidly in size and usually ends in the midthoracic re¬ 
gion. Since the dorsal spinocerebellar tract arises chiefly in the thoracic region, it 
is not pi escut m the lumbar or sacral cord and here the lateral corticospinal 
tract occupies a superficial position. 

Hcmisecfion of (he spinal cord in man produces a characteristic symptom 
complex known as Brown-Sequard's syndrome, which can be studied to ad¬ 
vantage at this time since analysis of the symptoms requires consideration of 
details of the connections and functions of the tracts of the spinal cord. Below 
the level of the lesion and on the same side, there is found a paralysis of the 
muscles with a loss of sensation from the muscles, joints, and tendons; while on 
the opposite side of the body, beginning as a rule about one segment below the 
level ot the lesion, there is loss of sensations of pain and temperature. Tactile 
sensibility is normal or only slightly impaired. 
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The primitive animal meets the environment head on, so to speak, and its de¬ 
veloped special sense organs, the nose, eyes, ears and tongue, accumulate in¬ 
formation about objects more or less distant from it, and record alterations of 
equilibrium. Furthermore, the feeding and respiratory mechanisms develop at 
the head end, and in air breathing forms there commonly develops a mecha¬ 
nism for vocalization. The innervation required for these various features is 
supplied through cranial nerves that attach to the brain and pass through 
foramina of the skull. These specializations are related to appropriate changes 
in form of the brain stem, as compared with the spinal cord with its simpler 
segmental pattern. 

In addition to the connections of rather specialized cranial nerves, the form 
of the brain stem is modified by the presence of suprascgmental structures, such 
as the cerebellum, tectum and cerebral hemisphere's with their heavy bundles 
of connections. Among those various new masses of nerve cells and fibers, the 
long tracts from and to the spinal cord pass, with some modification of their 
positions and relations. 

The central connections of the cranial nerves, except those of the first two 
pairs, are located in the medulla oblongata and in the tegmental portions of the 
pons and mesencephalon. In many respects they resemble the connections of the 
spinal nerves within the spinal cord. The following general statements on this 
topic, most of which arc illustrated in Fig. 151, will help to elucidate the struc¬ 
ture of the brain stem. 

1. The cells of orujin of I he sensory fibers of the cranial nerves (Fig. 151, 1) 
are found in ganglia which lie outside the cerebrospinal axis and arc homologous 
with the spinal ganglia. These arc the semilunar ganglion of the trigeminal, the 
geniculate ganglion of the facial, the superior and petrous ganglia of the glosso¬ 
pharyngeal, the jugular and nodose ganglia of the vagus, the spiral ganglion of 
the cochlear, and the vestibular ganglion of the vestibular nerve. 

2. All of these sensory ganglia except the last two, the cells of which are 
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bipolar, are formed by unipolar cells, the axons of which divide dicholomously 
into peripheral and central branches. File latter (or in the ease of the acoustic 
nerve the central processes of the bipolar cells) form the sensory nerve roots 
and enter the brain stem, within which they form longitudinal fiber tracts. The 
fibers from the trigeminal and vestibular nerves divide into short ascending and 
long descending branches. It is the descending branches of the sensorv fibers of 
the trigeminal nerve which form the spinal tract of that nerve illustrated in 
hlgs. lot. 154. 155, 157. Rut the ascending branches may be cnlirelv wanting, 
a.s m the ease of the sensory fibers of the seventh , ninth , and tenth nerves , all 
of xvliich bend caudally and form a descending tract in the medulla oblongata, 
known as the tractus solitarius (Figs. 151, 157, 100). 



Main sensory lindens 
of trigeminal nerve 
Afferent fiber of 
second order 


Tractus solitarius 
Nucleus of 

hypoglossal nerve 
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Figckb 1/51. Diagram of tlie tongue and rhombencephalon to illustrate the central connections 
and functional relationships of certain of the cranial nerves: I. Sensory neurons of the first order 
of the trigeminal and glossopharyngeal nerves: v?. sensory neurons of tin* second order: 3. motor 
fibers oI the hypoglossal nerve: t. sensory nucha; motor nucleus of hypoglossal nerve. (Cajal.) 


3. These <\ seen(1 1 nmid dcsccMidimj; sensory filx'rs mid the' colhitcrnls derived 
from them end in gray masses known as sensory nuclei or nuclei of termination. 

4. The sensory nuclei (Fig. 151. 4) within which the afferent fibers terminate 
contain the cells of origin of the sensory fibers of the second order (Fig. 151. 2). 
Some of these are short: others are long, and these may be either direct or 
crossed. Many of them divide into ascending and descending branches. They 
run in the reticular formation and some of the ascending fibers reach the 
thalamus. 

5. These sensory fibers of the second order give off collaterals to the motor 
nuclei. Direct collaterals from the sensory fibers of the cranial nerves to tin* 
motor nuclei are few in number or cntirelv wanting. 

(). The motor nuclei (Fig. 151, 5) are aggregations of multipolar cells which 
give origin to the motor fibers of the cranial nerves (Fig. 151. 3). These are of 
two types which are segregated in different nuclei. One type is comparable to 
the anterior horn cells of the spinal cord and includes the neurons innervating 
skeletal muscle of the head region. The second type is comparable to the cells 
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of the inl(‘miedlolaleraI cell column ol llu* spimil cord <11 1 <I includes onl\ the 
preganglionic neurons lo llu* ganglia ol llic cranial division of lli( autonoma 
nervous system. To llu* cranial nerve nuclei supplying skeletal muscle run de¬ 
scending fillers of llie corlieobulliar path, which cross the midline just before 
terminating in ihe nuclei in somewhat llu* same manner as fillers of the ventral 
corticospinal tract reach anterior horn cells in tin* spinal cord. It has also been 
shown that descending fibers from the cortex reach sensory nuclei, for example, 
the trigeminal sensory nuclei and the nucleus sohtarius (Ifrodal, Szabo, and 
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Figure l.>2. Will ml view of brain sleni showing cranial nerves. 


Torvik, 1950). The function of these is not clear, but it has been suggested they 
relate Lo inhibition of afferent messages. 

The Rearrangement Within the Medulla Oblongata of the Structures Con¬ 
tinued Upward from the Spinal Cord. At the level of the rostral border of the 
first cervical nerve the spinal cord goes over without a sharp line of demarcation 


into the medulla oblongata. The transition 
and internal structure, but in the caudal 
gradual rearrangement of the fiber tracts 
gray matter, until at the level of the* olive, 
semblance to one through the spinal cord. 
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fibers of tlie posterior funiculi of the spinal cord are two of the most important 
factors responsible for this gradual transformation. Traced rostrallv from the 
spina 1 cord, the ventral corticospinal tracts are seen to enter the pyramids within 
the ventral area ot the medulla oblongata, that is to say. they enter the medulla 
without realignment. The fibers of the lateral corticospinal tracts traced rostrallv 
into the medulla swing ventromedially in coarse bundles, which run through 
the anterior gray columns and cut them off from the gray matter surrounding 
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Figure l.>3. Diagrammatic cross-sections to show the relation of the structures in the medulla 
oblongata to those in the spinal cord: .1, First cervical segment of spinal cord; li. medulla oblongata, 
level of decussation of pyramids; C, medulla oblongata, level of decussation of medial lemniscus; /), 
medulla oblongata, level of olive. 
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Hio (vnlral canal (Figs. 15 c 2, 15:5). Aftor crossing the median plain' in tlu* decus¬ 
sation of the pyramids these libers join those of the opposite ventral cortico¬ 
spinal tracts and form the pyramids (Fig. 1515). Finis fibers troin the lateral 
funiculus come to ho ventral to the central canal and displace tins doisalb, 
and at the same time a start is made toward breaking up the H-shaped gray 

figure' characteristic ot the spinal cord. 

Shortly after entering the medulla oblongata, I he fibers of the posterior 
funiculi ('ml in nuclear masses which invade the funiculus gracilis and funiculus 
cuneatus as expansions from the posterior gray columns and central mass of 
gray substance (Fig. 153). These are known as the nucleus gracilis and nucleus 
cuneatus. They cause a considerable increase in the size' ot the posterior funiculi 
and a corresponding ventrolateral displacement of the posterior columns ol 
crj-av matter. The fibers of the posterior funiculi end in these nuclei about cells, 
the axons of which run ventromediallv as the internal arcuate fibers, these 
sweep in broad curves through the gray substance, and decussate central to the 
central canal in what is known a.x the decussation of the medial lemniscus. After 
crossing the median plane, they turn rostrally between the pyramids and the 
central grav matter to form on either side of the median plane a broad band of 
fibers known as the medial lemniscus (Fig. 153). At the level of the middle of 
the olive most of the fibers of the funiculus cuneatus and funiculus gracilis have 
terminated in their respective nuclei, and the nuclei also disappear a short dis¬ 
tance farther rostrally (Fig. 153). With the disappearance of these fibers and 
nuclei there ceases to be any nervous substance dorsal to the central canal, 
and this, which has been displaced dorsally by the pyramid and medial lemnis¬ 
cus, opens out as the fourth ventricle. The floor of the ventricle is the whole 
dorsal surface of the medulla while the roof is thinned to an ependymal layer 
into which a plexus of vessels is invaginated to form the chorioid plexus. 

The outline of the gray mailer in the most caudal portions ot the medulla 
oblongata closely resembles that of the spinal cord. The anterior columns are 
first cut off by the decussation of the pyramids. Then the posterior columns are 
displaced vcnlrolalerally because of the increased size of the posterior funiculi 
and the disappearance of the lateral corticospinal tracts trom their ventral as¬ 
pects. This rotation of the posterior column causes the apex ot that column with 
its spinal tract and nucleus of the trigeminal nerve , which are continuous with 
the fasciculus dorsolaleralis and substantia gelatinosa of the spinal cord (Fig. 
153), to lie almost directly lalcralward from the central canal. Hie shape of the 
orav figure is still further altered bv the development of special unclear masses, 
many of which are very conspicuous. These include the nucleus gracilis , nucleus 
cuneatus , inferior olivary nucleus, and the nuclei of the cranial nerves, the 
greater part of the gray substance now becomes broken up by nerve fibers 
crossing m every direction, but ('.specially by the internal arcuate fibers, this 
mixture ot grav and white matter is known as the rcticulai substance. 1 he cen¬ 
tral graij mailer is pushed dorsad first by the pyramids and later b\ the medial 
lemniscus until it finally spreads out to form a thin gray covering for the floor 
of the fourth ventricle. 
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The I\rainids and Their Decussation. I lie pyramids are large, somewhat 
rounded fascicles of longitudinal fibers, which lie on either side of the anterior 
median fissure of the medulla oblongata (Fig. 2D). The constituent fibers take 
oiigin bom the pyramidal cells of the anterior central gyrus or motor cerebral 
coilex <md contain other portions of the cortex (see p. 808). The decussation of 
the pyramids or motor decussation occurs near the caudal extremity of the 
medulla oblongata (Fig. 152). Something more than three fourths of the cortico¬ 
spinal tract passes through the decussation into the lateral funiculus of the 
opposite side of the spinal cord, as the lateral corticospinal tract (fasciculus 
cclcbiospmnlis lateralis or lateral pyramidal tract); while the remainder is 
continued without crossing into the ventral funiculus of the same side as the 
ventral corticospinal tract (fasciculus eerebrospinalis anterior or anterior pyra¬ 
midal tract bigs. 158, 154). 1 he decussating fibers are grouped into relatively 
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Figchk 1o4. Section through the medulla oblongata of a child at the level of the decussation of the 

pyramids. Pal-Weigert method. (Xhj 

large bundles as they cross the median plane, the bundles from one side alternat¬ 
ing with similar bundles from the other, and largely obliterating the anterior 
median fissure at this level (Figs. 272. 807). There is great individual variation 
as to the relative size "tit the ventral and lateral corticospinal tracts, and there 
may even be marked asymmetry due to a difference in the proportion of the 
decussating fibers on the two sides. 

44ie fibers of the pyramidal tracts supplying the region of the cervical en¬ 
largement, and so the arm musculature, cross in the cranial portion of the 
decussation, those to the lumbar enlargement cross in the caudal portion. A 
lesion on one side in this region may therefore result in paralysis of an arm and 
a leg on opposite sides of the body if the lesion damages fibers which supply 
the aim at Lei the\ have crossed, and fibers supplying the leg before' crossing. 

I here is evidence that some corticospinal fibers are uncrossed, and so influ¬ 
ence movement homolaterally. 

I lie nucleus gracilis and nucleus cuneatus (nucleus funiculi gracilis and 
nucleus funiculi cuneati) are large masses of gray matter located in the posterior 
funiculi of the caudal portion of the medulla oblongata (Figs. 808-820, grac and 
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cun). They are surrounded bv the fibers of these funiculi except on their ventral 
aspects, where they are continuous with the remainder of the gray substance 
(Fig. 155 ). The fibers of the graeile and tunicate fasciculi terminate in the cor¬ 
responding nuclei, and their terminal arborizations are synaptically related to 
the neurons, whose cell bodies and dendrites are located there. Accordingly, in 
sections through successive levels we see the fibers decreasing m niimbei as tin* 
nuclei grow larger (Figs. 154 , 155 ). It is because of the presence of these nuclei 
that the funiculi become swollen to form the club-shaped prominences with 
which wo are already familiar under the names clara and cuncatc tubercle. At 
the level of the pyramidal decussation, the graeile nucleus has the form of a 
rather thin and ill defined plate, while the cuneate nucleus is represented by a 
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Fkjckk 1.1;). Section through the medulla oblongata ot a child at the level ot the decussation of the 

medial lemniscus. Pal-Weigert method. (Xb.) 


slight projection from the dorsal surface of the posterior gray column (Fig. 154). 
At the level of the decussation of the lemniscus, both have enlarged and the 
graeile nucleus has become sharply outlined (Fig. 155). As the central canal 
opens out into the fourth ventricle, the nuclei arc displaced laterally and grad¬ 
ually come to an end as the restiform body becomes clearly defined (Fig. 157). 

The lateral or accessory cuncatc nucleus lies lateral to the rostral part of the 
main euueate nucleus between this and the restiform body (Figs. 819-822). It 
is composed of large colls similar to those in the nucleus dorsalis of the spinal 
cord. This serves to differentiate it from the other nuclei of the posterior funiculi 
which contain much smaller cells. The fibers, which arise in the lateral cuneate 
nucleus, run by way of the dorsal external arcuate fibers and the restiform 
body of the same side to the cerebellum (Brim, 1925; Ferraro and Barrera, 1985). 

The Medial Lemniscus and Its Decussation. The great majority of fibers 
which arise from the cells in the* nucleus gracilis and nucleus cuneatus sweep 
ventromcdially in broad concentric curves around the central gray substance 
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toward the median raphe (Fig. 155). As has been stated on a preceding page, 
these are known as internal arcuate fibers, and as they cross those from the 
opposite side in the raphe they form the decussation of the lemniscus (deeussatio 
lemniscorum, sensory decussation). After crossing the median plane tliev turn 
rostra I ly in the medial lemniscus (fillet), and end in the thalamus (Fig. 209). 
These longitudinal fibers constitute a broad band which lies close to the median 
raphe, medial to the inferior olivary nucleus, and dorsal to the pyramids (Fig. 
159). By the accession of additional internal arcuate fibers this band increases 
in size and spreads out dorsally until, at the level of the middle of the olive, it 
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is separated from the gray matter of the veiltrieular floor only by the fibers 
of the fasciculus longiludinalis mcdialis and the tectospinal tract (Fig. 137). 
The decussation of the lemniscus begins at tin* upper border of the decussation 
of the pyramids, where the sensory fibers are grouped into course bundles 
arching around the central gray matter (Fig. 155), and extends as far rostra lly as 
do the'" gracile and cunealc nuclei, that is, to about the middle of the olive. In 
sections through the lower half of the olive the internal arcuate fibers describe 
broad curves through the reticular formation and their decussation occupies a 
considerable ventrodorsal extent of the raphe (Fig. 310). 
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The arcuate libers of the medulla oblongata ma\ be separated into two 
groups: those which run through the reticular formation constitute the mtcinal 
arcuate fibers, and those which run over the surface of the medulla, the ex¬ 
ternal arcuate* fibers. The* 'minimi arcuate fibers are of at least three kinels: 
(!) those eleseribcd in the preceding paragraph, which arise in the gracile and 
cunealc nuclei and form the medial lemniscus; ( L 2) sensory fibers of the* second 
order, arising in the semsory nuclei of the cranial nerves, and (3) olivocerebellar 
fibe*rs, which will be* considered in another paragraph. Dorsal external arcuate 
fibers arise from the large cells of the lateral cuncate nucleus and run laterally 
to the inferior cerebellar peduncle and through it to the cerebellum. Some of 
tin* neutral external arcuate fibers take origin from cells in the reticular forma¬ 
tion, cross the raphe, emerge* from the anterior median fissure, traverse the 
arcuate nuclei (Figs. 157, 159), and circumvent the pyramid and inferior olivary 
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nucleus to roach the interior cerebellar peduncle. 'These are joined by a con¬ 
siderable 1 111 in I km* from the lateral reticular and arcuate nuclei. Some fibers from 
the striae mcdullarcs which have passed ventrad in tin* raphe and decussated 
mingle with the ventral external arcuate fibers. The arcuate nuclei are small 
irregular patches of gray matter situated on the ventromedial aspect of the 
pyramids. 

11 was formerly supposed that some of the internal arouate fibers from the nuclei gracilis and 
oimeatus emerged from the anterior median fissure and became ventral external arcuate* fibers of 
the opposite side but no such fibers are mentioned by Hrun (192a) or by Ferraro and Barrera 
(l!)3o. 1 !).*$(>) . The latter authors state that, “The axons of the cells of the nucleus gracilis and 
nucleus ctmealus are sent into tin* medial lemniscus: whereas the axons of the cells of the external 
euneate nucleus are sent to the eerebellum via the inferior cerebellar peduncle of the same side." 

Olivary Nuclei. The oval prominence in the lateral area of the medulla, 
known as flic olive, is produced by (.he presence just beneath the surface of a 



large gray mass, the inferior olivary nucleus, with which there are associated 
two accessory olivary nuclei. The inferior olirari / nucleus is very conspicuous in 
the sections of this part of the medulla (Fig. la?). It appears as a broad, ir¬ 
regularly folded band of gray matter, curved in such a way as to enclose a white 
core, which extends into the nucleus from the medial side through an opening, 
known as the hilus. Considered as a whole this nucleus resembles a crumpled 
leather purse, with an opening, the hilus, directed medially. Sections at cither 
end of the nucleus do not include this opening, and at these points tI k* central 
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core ol white matter is completely surrounded l) t v the gray lamina. The fibers 
which stream in and out ot the hilus constitute the olivary peduncle. Idle two 
accessory olives are plates of gray substance, which in transverse section appear 
as rods. I he medial accessory ohrary nucleus is placed between the hilus of the 
interior olive and the medial lemniscus, while the dorsal accessory olivary nucleus 
is located close to the dorsal aspect of the chief nuclear mass (Figs. 817—.‘F28). 

Stiuktuke and Connections. The gray lamina of the inferior olivary nu¬ 
cleus consists ot neuroglia and many rounded nerve cells beset with numerous 
short frequently branching dendrites, the axons of which run through the white 
core ot the nucleus and out at the hilus as olivocerebellar fibers. About these cells 
there ramify the end branches of several varieties of afferent fibers. Though a 
t ha la mo-olivary tract is often labelled, Walberg (1956) found no evidence in 
the cal of fibers to the olivary nucleus from the thalamus; but he did observe 
them descending to it from the sensorimotor cerebral cortex, caudate nucleus, 
globus palliclus and especially from the red nucleus and periaqueductal gray 
matter. According to Bebin (19.50), the most rostral component of these de¬ 
scending fibers which are included in the term, central tegmental bundle , came 
from the pallidum and zona incerta. On the way to the olive additional fibers 
from the red nucleus and descending branches of the brachium eonjunctivum 
are added. The bundle terminates also in the region adjacent to the olive in the 
central reticular substance. Another group ot fibers, consisting chiefly of col¬ 
laterals, comes from the ventral funiculus of the spinal cord and may be re¬ 
garded as ascending sensory fibers (Cajal, 1909). These belong to the so-called 
spino-oiivary fasciculus. Connections have been demonstrated with the zona 
incerta and associated structures, the gray matter about the cerebral aqueduct, 
t (i ncai 1-)^ areas (Snider and Barnard, 1949). 

Olivocerebellar Fibers. The axons from the cells of the inferior olivarv 

* 

nucleus stream out of the hilus, cross the median plane, and either pass through 
or around the opposite nucleus. Here they are joined by some uncrossed fibers 
from the olivary nucleus ol the same side (Brun, 19 c 25). Thence they curve 
dorsallv toward the inferior cerebellar peduncle, passing through the spinal 
tract ol tin* trigeminal nerve which becomes split up into several bundles (Fig. 
1.59). They form an important group of internal arcuate fibers, which run 
through the interior peduncle to the cerebellum and constitute the olivocerebellar 
tract. 

Cells of the inferior olivary nuclei are connected to the cerebellar cortex in 
orderly topographic sequence, and functionally the olive and cerebellum are 
closely related. Destruction of an olivary nucleus produces signs of cerebellar 
deficit in the limbs, largely contralalerally, but sectioning the olivary decussa¬ 
tion in the monkey did not produce cerebellar signs (Orioli and Met tier, 1956). 
It has been suggested that the inferior olivary nucleus stands in the same rela¬ 
tion to a subcortical motor controlling system as the pontine nuclei do to the 
corticopontocerebellar connections (Wilson and Magoun, 1945; King, 1948). 

f he inferior cerebellar peduncle is a large and prominent strand of 
fibers which gradually accumulate along the lateral border of the caudal part 
of the fourth ventricle. It forms the floor of the lateral recess of that cavilv and 
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then turns dorsally into the cerebellum (Figs. 52, 55. 159, 520). It is composed 
for the most part of two large and important fascicles: (1) the olivocerebellar 
fibers . both direct and crossed, but chiefly from the inferior olivary nucleus of the 
opposite side: and (2) the dorsal spinocerebellar trad , from the nucleus dorsalis 
of the spinal cord. In addition, there are fibers in smaller number from other 
sources: (9) the dorsal external arcuate fibers from the lateral cuneate nuclei 
of the same side: and fibers (4) from the arcuate nucleus . (5) from the lateral 
reticular nucleus , and possibly also from other cells scattered through the 
reticular formation (Van Geluichten. 1904). 
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Figure 1/il). Section through the medulla oblongata of a child at the level of the restifonn body, 

PalAYeigerl method. (X-h) 


The dorsal spinocerebellar tract can readih be traced in serial sections of 
the medulla because the large, heavily myelinated fibers of which it is composed 
cause it to be deeply stained by the Weigert technique. It can be followed from 
the spinal cord along the periphery of the medulla oblongata near the posterior 
lateral sulcus. At first it lies ventral to the spinal tract of the trigeminal nerve 

(Figs. 154, 155). But at the level of the lower part of the olive it inclines 

dorsally. passing over the surface of the spinal tract of this nerve to reach 

the inferior cerebellar peduncle (Fig. 157). Between this tract and the olive 
we find the vent ml spinocerebellar trad also in a superficial position. 

The spinal tract of the trigeminal nerve is formed by the descending branches 
of the sensory fibers of that nerve. They give off collateral and terminal branches 
to a column of gray matter, resembling the substantia gelatinosa Holandi. 

with which it is directly continuous, and designated as the nucleus of the spinal 
trad of the triijemiual nerve (Figs. I51>J54, 155, 157, 159, 508-528, sp. V). 
The tract lies along the lateral side of the nucleus and is superficial except in so 
far as it is covered by the external arcuate fibers, the dorsal spinocerebellar 
tract, and the restifonn body. It forms an elongated elevation, the tuberculum 
cinercum, on the surface of the medulla oblongata (Fig. 52). 
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The formalin reticularis fills llie interspaces nmonj' the larger fiber tracts 
and nuclei. Il is composed of small islands of gray matter, separated by fine 
bundles of nerve fibers which run in (‘very direction, but which are for the 
most part either longitudinal or transverse. It is subdivided into two parts. The 
formatio reticularis alba is located dorsal to the pyramid and medial to the 
root filaments of the hypoglossal nerve and is composed in large part of 
longitudinal nerve fibers belonging to the medial lemniscus , tectospinal tract , 
and the medial longitudinal fasciculus (Fig. 100). The latter is closely associated 
with the vestibular nerve and can best be described with the central con¬ 
nections of that nerve. The formatio reticularis (/risen is found dorsal to the 
olive and lateral to the hypoglossal nerve. In it the nerve cells predominate 
and the horizontally coursing internal arcuate fibers form a conspicuous feature. 
Its longitudinal fibers, though less prominent, are of great importance. Idle 
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Figure 1(50. Diagram showing the location of the nuclei and fiber tracts of the medulla oblongata 

at the level of the olive. 


descending fibers include those of the rubrospinal tract , which can be followed 
into the lateral funiculus of the spinal cord, and the tlialamo-olivar/j fasciculus, 
or tegmento-olivary tract, the fibers of which can be seen surrounding the 
lateral aspect of the inferior olivary nucleus in which it ends. Among the 
ascending fibers are those of the central and dorsal spinocerebellar , the spino¬ 
thalamic, and spinotectal tracts. 

The term reticular formation, formerly applied to the mingled gray and 
white matter adjacent to the gray matter of the spinal cord and tilling in areas 
between the larger named paths and nuclei of the medulla and pons, has 
acquired a .somewhat more specific meaning as the understanding of its con¬ 
nections and functions has increased. Brodal (195()). who has contributed to 
knowledge' of the anatomy of the system, has summarized much of what is 
known of it and his work should be consulted for further details. 

'The reticular formation consists of paths and nuclei. The cell groups 
(h ‘scribed are similar in man and lower mammals, though certain giant cells 
in the nuclei that are common in the cat and rabbit are less conspicuous in 
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man. The lateral reticular nucleus is large in the bat and relatively small in 
the porpoise (Walberg, 1952). 

The more conspicuous nuclei are as follows: (1) the lateral reticular nucleus 
lying dorsolateral to the olive; (2) the reticular nucleus of the pontine tegmen¬ 
tum lying dorsal to the pontine nuclei; (3) the paramedian reticular nucleus, 
which lies near the midline dorsal to the olive; (4) the large-celled reticular 
nucleus (gigantocellularis). extending from the middle of the olive to the level 
of the facial nucleus occupying the medial two thirds of the reticular formation; 
(5) the caudal reticular nucleus of the pons extending cranialward from the 
large-celled nucleus, and ((>) the oral reticular nucleus of the pons extending 
up to the mesencephalon. 

Other less conspicuous nuclei include the small-celled reticular nucleus 
medial to the spinal nucleus of the 5th nerve; the ventral reticular nucleus 
extending eaudalward from the large-celled nucleus; and some other small 
groups. 

Connections of the reticular formation include intrinsic interconnecting 
systems of fibers, and long efferent connections to the spinal cord, the cere¬ 
bellum and to higher centers, as well as cortico-reticular connections. Reticulo¬ 
spinal fibers extend from both pontine and medullary reticular nuclei and 
are widely scattered in the ventrolateral part of the white matter, ending, 
presumably, in the anterior horns of gray matter. Some such fibers extend 
from the mesencephalon and mingle in their passage with rubrospinal and 
vestibulospinal paths. Torvik and Brodal (195?) found that the reticulospinal 
fibers from the pontine region arc entirely homolateral and those from the 
medulla are mainly homolateral in distribution, and that neither type extended 
so far as lumbosacral segments. There is no evidence of somatotropic localization 
in the cord. 

Reticulocerebellar fibers extend from the lateral reticular nuclei, the para¬ 
median and the reticular nuclei of the pontine tegmentum. Fibers from the 
lateral reticular nucleus reach the paramedian lobule of the cerebellum in the 
area of somatotropic representation of afferent spinal paths, and Brodal believes 
this nucleus to be in the route taken by tactile impulses from the spinal sources. 
The vermis of the cerebellum receives fibers from the small-celled reticular 
nucleus and adjacent portions of the large-celled nucleus; the hemispheres and 
para flocculus from the remaining portion of the large-celled nucleus; the 
flocculonodular lobe from the small subtrigeminal portion. 

Both facilitatory and inhibitory effects have been produced on stimulation 
of the reticular formation (Suda et ah, 1958), and in some areas at least there 
is good evidence that the responsible neurons are intermingled, e.g., areas 
affecting respiratory movements (Fig. 282). iNluch has been made of the 
ascending reticular activating system in the brain stem which on stimulation 
results in activation of cerebral mcehanisfti« affecting the electroencephalogram. 
There is yet no adequate explanation for the phenomenon, but it is noteworthy 
that afferent impulses from many sources act similarly. The reticular formation 
supplies basic patterns available in lower forms and in higher forms, but made 
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loss conspicuous by the appcarancc of tin* newer more elaborate' pathways 
accompanying the development of higher brain mechanisms. 

The nuclei of the cranial nerves can best be considered in a separate 
chapter. At this point it will only be necessary to enumerate and locate* the 
nuclei of those nerves which take origin from the medulla oblongata. 

The nucleus of the hypoglossal nerve contains the cedis of origin of the 
motor fibers which compose that nerve. It forms a long column of nerve cells 
on either siele of the median plane in the ventral part of the gray matter sur¬ 
rounding the central canal and in the floor of the fourth ventricle (Figs. 155, 
157, 100, 180, 817, 828). In the latter region it lies immediately beneath that 
part of the floor which was described in the preceding chapter under the name 
of the trigonum hypoglossi (Fig. 88). In reality, it corresponds only to the 
medial part ot this eminence, tor on its lateral side there is found another group 
of cells known as the nucleus intercalatus, the connections and functions of 
which have not been satisfactorily determined (Fig. 159). From their cells of 
origin the fibers of the hypoglossal nerve stream forward through the reticular 
formation to emerge at the lateral border of the pyramid. 

The nucleus ambiguus is a long column of nerve cells which give origin 
to the motor fibers that run through the glossopharyngeal, vagus , and accessory 
nerves to supply the striated musculature of the pharynx and larynx. It is 
located in the reticular formation of both the open and the closed portions 
of the medulla, ventromedial to the nucleus of the spinal tract of the trigeminal 
nerve (Figs. 157, 100, 808-382). 

The dorsal motor nucleus of the vagus lies along the lateral side of the 
nucleus of the hypoglossal. It occupies the ala cinerea of the rhomboid fossa 
and extends into the closed part of the medulla oblongata along the lateral 
side of the central canal (Figs. 38, 155, 157, 159, 180, 811-882). From the cells 
of this nucleus arise the efferent fibers of the vagus nerve which innervate 
smooth muscle and glandular tissue. 

Ihc afferent fibers of the I'agus and glossopharyngeal nerves bend caudallv 
and run within the tractus solitarius. This tract can be traced throughout 
almost the entire length of the medulla. If decreases in size as the descending 
fibers terminate in the gray matter which surrounds it (Figs. 151, 157, 100, 180, 
319, 320). 

The nucleus of the tractus solitarius is the nucleus of reception of the afferent 
fibers ot the facial, glossopharyngeal, and vagus nerves, i. e., it contains the 
cells about which these afferent fibers terminate. It surrounds the tractus 
solitarius, and that part ot it which lies dorsal to this tract is sometimes called 
the dorsal sensory nucleus ot the glossopharyngeal and vagus nerves. The 
caudal end ot the nucleus joins that ot the opposite side, forming the com¬ 
missural nucleus (big. 817), which is associated with the most caudal fibers of 
the tractus solitarius that cross the midline at this level. 


C II A P T E R X 1 


Internal Structure of tire Pons 


The pons consists of two portions which differ greatly in structure and signifi¬ 
cance. The dorsal or tegmental part resembles the medulla oblongata, of which 
it is the direct continuation. The ventral or basilar portion contains the longitu¬ 
dinal fibers which go to form the pyramids, but except for these it is composed 
of structures which are peculiar to this level. It forms a prominent feature of 
the brain only in those mammals which have relatively large cerebral and 
cerebellar hemispheres, as might be expected from the fact that it forms part 
of a conduction path uniting these structures. There is however a pontine 
homologuc in birds (Brodal, Kristiansen and Jansen, 1950). 

THE BASILAR PART OF THE PONS 

The basilar portion of the pons is the larger of the two divisions. It is 
made up of fascicles of longitudinal and transverse fibers and of irregular 
masses of gray substance, which occupy the spaces left among the bundles of 
nerve fibers and which are known as the nuclei pontis. 

The longitudinal fasciculi of the pons consists of two kinds of fibers: (1) 
those of the corticospinal tract, which are continued through the pons into 
the pyramids of the medulla oblongata: and (2) those which end in the nuclei 

of the pons and are known as corticopontilc or corticopontine fibers (Fig. 1(51). 

As they pass through the pons the corticospinal fibers give off collaterals which 
also end in these nuclei. The longitudinal fibers enter the pons at its rostral 
border from the basis pedunculi. At first they form on either side a single 
compact bundle, but this soon becomes broken up into many smaller fascicles, 
which are separated from each other by the transverse fibers and nuclei of the 
pons (Fig. 1()\‘>). At the caudal border these bundles again become assembled 

into a compact strand which is continued as the pyramid of the medulla 

oblongata (Fig. 1(52). It is evident, however, that the volume of the bundles 
is much greater at the rostral than at the gonial border. This is to be explained 
by the fact that the corticopontilc fibers have left these bundles during their 
passage through the pons and have come to ail end by arborization within the 
nuclei pontis. 

The transverse libers are designated as fibrae pontis and are divisible into 
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Figure 161. Corticospinal pathway shown in dotted path in peduncle, pons, and pyramid. I he 
decussation at the lower end of the pyramid is shown with separate courses for ventral and lateral 
tracts in the cord. 


Fourth ventricle 
Stria moduli arcs 


Dorsal cochlear nucleus 



Vent, spinocerebellar tract 

Vent, external arcuate fibers 
Medial lemniscus 


Foramen ceccum 


Nucleus of cminentia teres 

Medial vestibular nucleus 

Lateral vestibular 
nucleus 

Nucleus of tractus 
soli lari us 

Glossopharyngeal 
nerve 

Dorsal cochlear 
nucleus 

Inf. cerebellar pcd. 

Ventral cochlear 
nucleus 

Spinal tract ana 
nucleus N. V 

Olivocerebellar 
Pontobulbar body fibers 

Medial longitudinal fasciculus 

Thalamo-olivary tract 

Inferior olivary nucleus 
Pyramid, corticospinal tract 
Arcuate nucleus 

Pons 


Figure I(cF Section through caudal border of the pons and the cochlear nuclei ol a child. Pal- 

Wcifj’crt method. (Xl-d 

a superficial and a deep group (filmic poulis supcrficinlcs and filmic ponlis 
profimdac). Those of llic superficial group lie ventral lo lhe longitudinal 
fasciculi, while the deep transverse bundles interlace with the longitudinal 
ones or lie dorsal to them. File majority of the fibrac ponlis cross the median 
plane. 'These are joined by some uncrossed fibers and gathered together on 
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either side oi the pons to form a compact and massive strand, known as the 
middle cerebellar peduncle, which curves dorsallv to enter the white center 
of the cerebellum (Figs. .‘F2, 1(> C 2). 

Along the rostral border of the pons and hrnchium pontis one or two fiber bundles are some¬ 
times foniid which run an isolated course to the cerebellum. These are known as the fila laterulia 
pontiu or taenia poitlia (Fig. 3*2). According to Horsley (11)00) the constituent fibers arise from a 
ganglion situated caudal to the interpeduncular ganglion, decussate at once, and end in the cere¬ 
bellum in the neighborhood of the dentate nucleus. Perhaps they represent slightly displaced 
fibrae pontis. It also seems likely that the striae mednllares and the ventral external arcuate fibers 
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Figure 103. Section 


rough the pons of a child at the level of the facial colliculus. Pal-Weigert 
method. (X f.) 


belong to the same system and arc also displaced pontine fibers (Rasmussen and Peyton. l!H(i). 
Some of the transverse fibers on reaching the median plane bend at right angles and run as fibrae* 
reetae toward the pars dorsalis pontis (Fig. 3h>). According to Kdinger (11)11) these belong in 
part to tin* traetns eerehellolegmenlalis pontis. which arises in tin* nuclei of the cerebellum and 
runs through the braehium to end in the reticular formation of the opposite side. Others are fibers 
joining cells in the tegmentum with the cerebellum (Kappcrs, Huber and Crosby. 11)3(1). 

The nuclei pontis, which are continuous with the arcualc nuclei of the 
medulla oblongata, contain medium-sized rounded or polygonal cells, the axons 
of which are continuous with the fibrae pbtilis (Figs. :>:>(»—.‘>.>7). There are also 
some small nerve cells of Golgi's Type II, the short axons of which end in 
adjacent gray matter. Within these nuclei terminate the fibers of the eorlico- 
pontile tracts and some collaterals from the corticospinal fibers. Collaterals 
from the medial lemniscus arc also found arborizing in those nuclei of the pons 
which lie immedialelv ventral to that bundle. 
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Tin* pons serves to establish an important and for the most part crossed 
connection between the cerebral hemispheres and the cerebellum, a (oituo- 
pontoeerebellar path. The cortieoponlilc fibers take origin Irom pyramidal c< Ms 
in the frontal and temporal lobes and end in the nuclei pontis. Arising from 
the cells in these nuclei, most ot the transverse fibers cross the median plane 
and reach the opposite cerebellar hemisphere through the middle cerebellai 
peduncle (Fig. Nil). 

THE DORSAL OR TEGMENTAL PART OF THE PONS 

The dorsal or tegmental part of the pons (pars dorsalis pontis) resembles 
in structure the medulla oblongata (Fig. Hie). On its dorsal surface there is 
a thick layer of gray matter which lines the rhomboid fossa. Between this layer 
and the basilar portion of the pons is the reticular jormation divided by the- 
median raphe into two symmetric halves. This has essentially the same struc¬ 
ture here as in the medulla oblongata, and contains the continuation of man\ 
longitudinal tracts with which we are already familiar, as well as groups ot 
neurons not belonging to the cranial nerve nuclei I he inferior cerebellar 
peduncle (restiform body) at first occupies a position similar to that which 
it has in the medulla, along the lateral border of the rhomboid fossa, blit it soon 
bends dorsallv into the cerebellum. 

The Cochlear Nuclei. At the point of transition between the medulla and 
pons, the inferior cerebellar peduncle is partly encircled on its lateral aspect 
by a mass of gray matter formed by the terminal nuclei oj the cochlear division 
of the stato-acoustic nerve (Figs. 1()2, 330, 334, 331—335). 1 here may be dis¬ 
tinguished a dorsal and a ventral cochlear nucleus at the dorsal and ventral 
borders of the restiform body. Within these nuclei the fibers ot the cochlear 
nerve end, while those of the vestibular nerve plunge into the substance ot 
the pons ventromedially to the restiform body to reach the floor ot the fourth 
ventricle (Figs. 1S7, 189). Fibers from the dorsal cochlear nucleus run medially 
beneath the* floor of the fourth ventricle and, sinking into the tegmentum, join 
the fibers from the ventral cochlear nucleus in the trapezoid body. 

4'he trapezoid body (corpus trapezoideum) is covered by the pars basalis 
pontis. In sections through the more caudal portions ot the pons, the trapezoid 
body forms a conspicuous bundle of transverse fibers in the ventral portion 
of the reticular formation (Fig. 1(13). The fibers are associated with the terminal 
nuclei of the cochlear nerve, especially the ventral one, and with the superior 
olivary nucleus, around the ventral border ot which they swing in such a way 
as to form a bay for its reception. Farther mcdialward they pass through the 
medial lemniscus at right angles to its constituent fibers and decussate in the 
median raphe. The trapezoid body describes a curve with convexity directed 
rostrallv as well as venlrally, and as a result its lateral portions are seen best 
in sections through the lowin’ border ot the pons, while the rest of it is in 
evidence in sections at a higher level. Arising from the ventral nucleus of the 
cochlear nerve (Fig. Mtt) these fibers pass, with or without interruption in the 
superior olivary nucleus, across the* median plane. (Fig. 103), and, on reaching 
the lateral border of the opposite superior olivary nucleus, they turn rostrallv 
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to form a longitudinal band of fibers known as the lateral lemniscus (Fig. 
104). Ibis is a part ol the central auditory pathway, the connections of which 
are represented diagrammaticallv in Fig. 1ST. 

1 he superior olivary nucleus is a small mass of gray matter located in the 
ventrolateral portion of the reticular formation of the pons in close relation to 
the trapezoid body and not tar from the rostral pole of the inferior olivary 
nucleus (Figs. 103, 104, 840). It consists of two or three separate but closely 
associated nuclear masses, within which there ramify collaterals from the fibers 
ot the trapezoid body. From the dorsal aspect of this nucleus, a bundle of 
fibers, known as the peduncle of the superior olive, makes its way toward the 
nucleus of the abducens nerve (Fig. 1??). In the eat they have been shown to 
arise from cell bodies dorsal to the nucleus of the trapezoid body. Some fibers 
of the peduncle have been seen to cross the midline and emerge between the 
nervus intermedins and the vestibular division of the eighth nerve, with which 
they course as far as the vestibular ganglion, and then pass to the cochlear 
where they are distributed as spiral fibers in all turns of the organ of Corli 
(Rasmussen. 1953). Other fibers descend in the medial longitudinal fasciculus, 
and still others are contributed from the superior olive to the lateral lemniscus 
on both sides (Rasmussen, 1940). 

The nuclei of the vestibular nerve lie in the floor of the fourth ventricle, 
where they occupy a field with which we are already familiar, namely the area 
acustica (Fig. 33). "File vestibular fibers on approaching the rhomboid fossa 
divide into ascending and descending branches, and terminate in four nuclear 
masses: (1) the medial (dorsal or principal) vestibular nucleus (Figs. 159, 
102); (2) the lateral vestibular nucleus of Deilers; (3) the superior vestibular 
nucleus of Beehterew (Fig. 103), and (4) the spinal or descending vestibular 
nucleus. These are represented diagrammaticallv in Fig. 189. 

The Vestibulocerebellar Fasciculus. Ascending branches from some of the 
vestibular nerve fibers, accompanied by fibers from the lateral and superior 
vestibular nuclei, run to the cerebellum along the medial side of the inferior 
cerebellar peduncle. These fibers constitute the vestibulocerebellar fasciculus 
(Fig. 103). They end in the vestibular parts of the cerebellum (nodulus, uvula, 
lingula, and the fastigial nuclei). 

File medial longitudinal fasciculus is an important bundle which extends 
from near the floor of the third ventricle to the spinal cord, and is especially 
concerned with the reflex control of the movements of the head and eyes. A 
large proportion of its fibers are derived from the vestibular nuclei. From this 
origin the fibers pass through the reticular formation to the medial longitudinal 
fasciculus of the same or the opposite side. Some of the fibers bifurcate, but 
a majority of them turn either up or down to become ascending or descending 
fibers within the fasciculus (Fig. 189). The former terminate in the nuclei of 
the oculomotor, trochlear, and abducens nerves, the latter in the nucleus of the 
spinal accessory nerve and in the columna anterior of the cervical portion of 
the spinal cord. In this way there is - established a path for the reflex control 
of the movement of the head, neck, and eyes, in response to stimulation of the 
nerve endings in the semicircular canals of the cars. Another important group 
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of fibers within this fasciculus lnk<*s origin from lhr interstthal nucleus situated 
in the zone of transition between tin' hypothalamus and mesencephalon medial 
to the rostral end of the red nucleus (Fig. .‘>74). 'The nucleus of Darkschewitseh, 
often called the nucleus of the posterior commissure, is said to contribute fibers 
to the medial longitudinal fasciculus. Still other fibers serve to connect the 
nuclei of the third, fourth, and sixth cranial nerves with each other, with the 
motor nuclei of the seventh and eleventh cranial nerves and with the motor 
cells of the cervical spinal cord. Details concerning the origin of the vestibular 
fibers of the medial longitudinal fasciculus arc given on page 204 and in Fig. 
180 . 

The medial longitudinal fasciculus contains fibers which are continued up¬ 
ward from the central funiculus of the spinal cord. 1 hese fibers are displaced 
dorsolaterally by the decussation of the pyramids (Fig. 154) and then still 
farther dorsally by the decussation of the lemniscus (Fig. 155) until they come 
to lie in the most dorsal part of the substantia reticularis alba (Fig. 157), which 
position they occupy throughout the remainder of their course. 1 he fasciculus 
is found ventral to the nucleus of the hypoglossal nerve (Fig. 159) and in close 
apposition to the nuclei of the three motor nerves of the eye (Figs. 103. 108, 170). 

The medial lemniscus can also be traced within the reticular formation 
from the medulla into and through the pons. But this broad band of longitu¬ 
dinal fibers, which was spread out along the median raphe in the medulla, shifts 
ventrally in the pons, assuming first a somewhat triangular outline and a ventro- 
median position (Fig. 102): then by shifting farther lateralward it takes again 
the form of a fiat band (Figs. 103. 104). But now it is compressed ventrodorsally 
and occupies the ventral paid of the reticular formation, its fibers crossing those 
of the trapezoid body at right angles. It must not be forgotten that the medial 
lemniscus is composed of longitudinal fibers, and it is by the gradual shifting 
of these that the bundle as a whole changes shape and position. As it is displaced 
ventrally it separates from the medial longitudinal bundle, which retains its 
dorsal position. 

The motor nucleus of the facial nerve occupies a position in the reticular 
formation dorsal to the superior olive (Figs. Kid, 335—840). It is an oval mass 
of gray matter, which extends from the lower bonier of the pons to the level 
of the facial colliculus, and contains the cells of origin of the fibers which inner¬ 
vate the plalysma and muscles of the face. 'These fibers emerge from the dorsal 
surface of the nucleus and run dorsomcdially toward the floor of the fourth 
ventricle. Somewhat widely separated at first, they become united on the medial 
side of the abdueens nucleus into a compact strand, which as the genu of the 
facial nerre partly encircles this nucleus, and which then runs veillrolaterally 
between the spinal tract of the trigeminal nerve and its own nucleus toward 
its exit from the brain (Figs. 1 (58—177). 

The nucleus of the abdueens nerve along with the genu of the facial produces 
a rounded elevation in tin* rhomboid fossa, known as the facial colliculus (bigs. 
88, 1(1.8, 840). It is a spheric mass of gray matter containing the cells of origin 
of the fibers which innervate the lateral rectus. These emerge from the dorsal 
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and medial surfaces of the nucleus and run ventrally more or less parallel to 
the median raphe toward their exit at the lower border of the pons. 

The Nuclei of the Trigeminal Nerve. In transverse section through approxi¬ 
mately the middle of the pons we encounter the fibers of the trigeminal nerve 
and two associated masses of gray matter, the motor and mom sensory nuclei 
of that nerve (Fig. Ifi4). These are located close together in the dorsolateral 
part of the reticular formation near the groove between the middle and superior 


Anterior medullary velum 


Medial longitudinal fasciculus > 
Ventral spinocerebellar tract\ 

Trapezoid body\ 
Superior olive K 

Lateral lemniscus 

Middle cerebellar 
peduncle 


Fourth ventricle 

Superior cerebellar peduncle 

Mesencephalic root of trigem¬ 
inal nerve 

Motor nucleus of trigeminal 
nerve 

Sensory nucleus of trigem¬ 
inal nerve 



Medial lemniscus 
Superficial stratum of pons 


Trigeminal nerve 

Corticospinal andcortico- 
pontile tracts 

Xuclci pontis 


Figure 1(54. Section through the pons of a child at the level of the motor nucleus of the trigeminal 

nerve. Pal-Weigert method. (XL) 


cerebellar peduncles. Of the two. the sensory nucleus is the more superficial. 
It is, in reality, not a new structure, but rather the enlarged rostral extremity 
of the column of gray matter which we have followed upward from the sub¬ 
stantia gclatinosa Hoiandi of the spinal cord and have designated as the nucleus 
oj the spinal tract of the trigeminal nerve (Figs. 154, 157). On the medial side 
of the main sensory nucleus is found the >wotor nucleus . a large oval mass of 
gray matter from the cells of which arise the motor fibers for the muscles of 
mastication. Some of the fibers of the trigeminal nerve, passing between these 
two nuclei, are continued as the mesencephalic root oj the trigeminal nerre 
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Fkii’Iik Kin. Diagram of ihe nuclei and central connections ol the trigeminal nerve: 1. Semi¬ 
lunar ganglion; li , mesencephalic nucleus. N \ ; C, motor nucleus, N. \ ; /), motor nucleus A. 
VII; A', motor nucleus, X. XII; /’. nucleus of the spinal tract of X. \ ; G , sensory fibers of the sec¬ 
ond order of tin* trigeminal path; <i , ascending and />, descending branches of the sensory fibers, 
X. V; e, ophthalmic nerve; <1 , maxillary nerve; c, mandibular nerve, (( ajal.) 

(Figs. 104, 105). Reaching the gray matter in the lateral wall of the rostral part 
of the fourth ventricle, this bundle of fibers turns rostrallv along the medial 
side of the superior cerebellar peduncle (Fig'. 100). It extends into the mesenceph¬ 
alon in I he lateral part of the gray matter which surrounds the cerebral aqueduct 
i Fig. 108). The fibers of this root Lake origin from large unipolar cells scattered 
























Internal Strictere of the Pons 


oo > 

alono- its course and constitnting the mesencephalic nucleus of tlie trigeminal 
nerve. 

It will be apparent from this description that there are four nuclear masses 
associated with the trigeminal nerve, namely, the nucleus of the spinal tract, 
the main sensory, the motor, and mesencephalic nuclei. The relations which each 
of these groups of cells bears to the fibers of the trigeminal nerve are illustrated 
in Fig. 105. Note that those fibers which arise from cells in the semilunar 
ganglion divide into short ascending and long descending branches. The former 
mid in the main sensory nucleus, while the latter run in the spinal tract of the 
trigeminal nerve and end in the nucleus which accompanies it. 

The superior cerebellar peduncle (Fig. 34) is seen in sections through the 
rostral half of the pons, where it enters into the lateral boundary of the fourth 
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ventricle (Fig. 104). It is a large strand of fibers which runs from the dentate 
nucleus of the cerebellum to the red nucleus of the mesencephalon (Fig. 10!)). 
As it emerges from the white center of the cerebellum this peduncle is super¬ 
ficially placed, with its ventral border resting on the tegmental portion of the 
pons (big. 104). lo its dorsal border is attached it thin plate of white matter, 
tlie anterior medullary velum . which roofs in the rostral part of the fourth 
ventricle. As the superior peduncle ascends toward the mesencephalon it sinks 
deeper and deeper into the dorsal part of the pons (Fig. .451) until it is entirely 
submerged (big. 100). Near the rostral border of the pons it assumes a crescentic 
outline and lies in the lateral part of the reticular formation. From its ventral 
border fibers stream across the median plane, decussating with similar fibers 
from the opposite side. This is the most caudal portion of the decussation of the 
superior cerebellar peduncle , which, increases in volume as it is followed rostrally, 
reaching its maximum in the mesencephalon at the level of the inferior colliculi 
(big- 108). In this decussation the fibers of the peduncle undergo a complete 


crossing. 


The ventral spinocerebellar tract, whrtTi has made its way through the 
reticular formation of the pons, turns dorsolatcrally near the rostral end of 
the pons, winds around the superior peduncle, and enters the anterior medullary 
velum, in which it passes to the vermis of the cerebellum (Figs. 104, 19S). 

The lateral lemniscus is an important tract of fibers which we have alrcadv 
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traced from tin* cochlear nuclei. It first takes definite shape about the middle 
of the pons, where it is situated lateral to tin* medial lemniscus (hig. 104). As 
it ascends it becomes displaced dorsolaterallv until it occupies a position on the 
lateral aspect of the superior peduncle (Fig. 100). In this position there is 
developed in connection with it a collection ot nerve cells, the 'nucleus of tlic 
lateral lemniscus , to which its fibers give ofl collaterals. 


CHAPTER XII 


The Internal Structure 
of the Mesencephalon 


A din<>rnm of a transverse section through llie rostral part of the mesencephalon 
will make' clear the relation of the various parts of the midbrain to each other 
(Fig. It!?). The cerebral aqueduct is surrounded bv a thick lamina of gray 
matter. the central grav stratum 
(stratum griseum centrale). The aque¬ 
duct varies in diameter in different 
portions of its course. Its area in cross 
section has been found to varv from 
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Figure 1(>7. Diagrammatic cross-section 
through the human mesencephalon. 


Cerebral aqueduct 
Central gray stratum — 

. Tegmentum 

about one-halt square millimeter to 

around ten (Flvger and Iljelmquist, 

19.57). Dorsal to this lies the lamina 
quadrigemina . a plate of mingled gray 
and white matter which bears four 
rounded elevations, the corpora quad¬ 
rigemina. The ventral part of the mid¬ 
brain is formed by the cerebral pe¬ 
duncle *, each of which is separated into 

two parts by a lamina of pigmented gray substance, known as the substantia 
nigra. Dorsal to this the peduncle consists of reticular formation continuous 
with that of the pons and known as the tegmentum. Ventral to the substantia 
nigra is a thick plate of longitudinal fibers, called the basis peduncnli , com¬ 
posed of fibers which are continuous with the longitudinal fasciculi of the pons. 

The Tegmentum. The dorsal portion of the pons is directly continuous 
with the tegmentum of the mesencephalon. Both are composed of reticular 
formation, consisting of interlacing longitudinal and transverse fibers grouped 
in fine bundles and separated by minute masses of gray substance, in which 
are embedded important nuclei and fiber tracts. Jn the caudal pari of the mid¬ 
brain and the rostral part of the pons are five cellular masses the locations of 
which are indicated in Figs. 1()G, 340—350. They are the dorsal nucleus of the 
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raphe , llie* superior central nucleus , the ventral tegmental nucleus, the </or.W 
tegmental nucleus , and llie reticulotcymcnlul nucleus. Hoih the ventral and 
dorsal tegmental nuclei receive fibers from the mammillary body (Iractns 
mammillolegmcnlalis). and within the dorsal one there also terminate fibers 
from the interpeduncular ganglion. I he tegmentum contains many longitudinal 
fiber tracts which arc continued into it from the dorsal part of the pons. I he 
most conspicuous of these is the superior cerebellar peduncle. 

The Decussation of the Superior Cerebellar Peduncles. In the sections 
of the pons wc saw that, as the superior peduncles ascend toward the mc- 
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seneephalon, they sink deeper and deeper into the pars dorsalis ponlis (Fig. 

1 (>(>). When they reach the level of the inferior colliculi of the corpora quad- 
rigemina they are deeply placed in the tegmentum; and here they cross 
the* median plane in the decussation (Fig. 1(58). After crossing, each peduncle 
turns roslrally and forms a rounded bundle of ascending fibers, which almost 
at once come into relation with the red nucleus (Fig. 170). Many of the fibers 
enter this nucleus directly, while others are prolonged over its surface to form 
a capsule that is best developed on its medial surface. While the majority of 
the *se fibers ultimately end in the red nucleus, some reach and end within the 
ventral part <>l the thalamus (Mg. Hi!)). 


According lo (ajal (15)11), Ihc filters of llie superior cere hollar peduncle give off two sets of de¬ 
scending branches, which lie has seen in (iolgi preparations of I lie mouse, rabbit and cat. Tile 
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Figure 109. Diagram showing I lie connections of the red nucleus: A, Ventral tegmental de¬ 
cussation; li , decussation ol the superior cerebellar peduncles; C and D, descending fibers from 
the superior peduncle, before and after its decussation respectively. 
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first group ;) re collaterals gi\en <>fl' as the peduncle enters tin* dorsal part of tin* pons and belore 
its decussation (Kig. 1 <»!).(*; • The second group of descending hranehes is formed l>v the hiliirealion 
of the fibers just beyond the decussation, and constitutes a crossed descending tract Iron) the dentate 
nnelens to the reticular formation ol tlx* pons and medulla I'lg. 1 tit), /)). I Ins degenerates as a icmiII 
of destruction of the opposite dentate nucleus (Allen. PHI). Signs of cerebellar dysl'nnetion appear 
after tin' cutting of all divisions of tin* superior cerebellar peduncle, hut cutting tin* uncrossed 
ascending limb alone or culling the descending limb alone did not result in tremor in the monkey 
(Carrea and Met tier, 10.).)). 

The red nucleus (nucleus ruber) is a very large oval mass of gray matter, 
which in the fresh brain has a pink color. It is located on the path of the 
superior cerebellar peduncle in the rostral part of the tegmentum (Fig. 170). 
In transverse sections it presents a circular outline and can be followed from 
the level of the inferior border of the superior colliculus into the hypothalamus. 
In its caudal portion it contains great numbers of fibers derived from the 
superior cerebellar peduncle, and stains deeply in Wcigcrt preparations, but 
farther roslrally these fillers are less numerous and the nucleus lakes on more 
and more the appearance of gray substance (Figs. 8(> c 2—.%?). 

Afferent fibers reach the red nucleus chiefly through the superior cerebellar 
peduncle from the central nuclei of the cerebellum, but it also receives fibers 
from the cerebral cortex of the frontal lobe (Fig. Kid). These descending fibers 
help to form the capsule of the nucleus and are most abundant along its medial 
surface. 

Efferent Fibers. From the cells of the red nucleus arise the fibers of the 
rubrospinal tract, which after crossing the median plane descend into the spinal 
cord. Fibers from the red nucleus also pass to the same central nuclei of the 
cerebellum which supply it with nerve fibers (Brodal and Godslad, 1954). Other 
cells give origin to fibers, which decussate along with those of the rubrospinal 
tract and terminate in the nuclei of the reticular formation. Iliese form the 
traclus rubrorelieularis, fibers of which reach the various cranial nerve nuclei 
(Papez and Stollcr, 1940). 

Fillers from the contralateral red nucleus were traced by Carpenter and 
Pines (1957) in the monkey through a rubro-bnlbar path to the nuclei of cranial 
nerves supplying branehiomcric muscles, i.e., to the masticator, facial and 
ambiguus nuclei. Other libers from the red nucleus reach the ipsilateral arcuate 
nucleus of the thalamus, the subthalamic nucleus and the globus pallidus (Car¬ 
penter, 1950). 


The nerve cells which arc found in the red nucleus vary greatly in size. Ihe smaller ones have 
the character of the cells of the reticular formation and send their axons into the tegmentum ol 
the saiix* and the opposite side. Another group of large cells furnishes the axons that constitute 
the rubrospinal tract. This collection of large cells is plivlogeuetieallv the older and lorms the chiel 
part of tin* red nucleus in the lower mammals. Hut in man the chiel mass is composed ol small 
cells, and there are only a few large cells (Stern, 1!),‘)8). 

The rod nucleus may lx* regarded as an especially highly developed portion ol the motor nuclei 
of the tegmentum. In the lower mammals it serves as a center through which the cerebellum can 
influence the motor functions of the spinal cord and medulla oblongata. In man it has the same 
function, but is also more closely linked with tin* reticular formation of the pons by way of the 
rubroreticular tract. It is a significant fact that in man where the rubrospinal tract is small the 
rubroreticular tract is especially well developed. This suggests the possibility that impulses from 
the red nucleus may lx* relayed through the reticular nuclei and reticulospinal tracts to the spinal 
cord. Papez (1!)-2(J) has shown that the number of fibers descending into Ihe spinal cord from the 
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reticular fonnation ol the pons and medulla is surprisingly I a rye. He lias found in the cat: (1) a 
medial r<‘liculo.spinal tract which descends in the medial longitudinal fasciculus to the ventral 
luniculus ol the cord and is chiefly uncrossed: (•!) a lateral reticulospinal tract which crosses the 
midline and descends into the lateral funiculus of the cord. Further details of these paths have 
been studied by Torvik and Brodal (19.57;. 


The reticulospinal paths have assumed increasing significance since the 
demonstration of inhibitory influences on the activity of skeletal muscle from 
bulbar reticular centers (Magoun), which incidentally receive fibers from still 
higher inhibitory centers in area 4-S of the cerebral cortex. Also in the reticular 
formation and so perhaps mingled with reticulospinal paths are facilitatory 
fibers which have been shown to arise from the diencephalic region. Furthermore 
an ascending system in the* reticular formation of the brain stem which receives 
many collaterals from afferent paths and nerves passes to thalamus and cere¬ 
brum and can have widespread influence* as in arousal from sleep, or activation 
of the cortex. The central tegmental tract contains a number of fibers descending 
from the level of the red nucleus to the inferior olivary nucleus (Verhaart, 
1949). Fibers coming from higher than the level of the red nucleus are numerous 
in the central part of the tegmentum and have been referred to as the thalamo- 
olivarv or legmento-olivary tract. They form a distinct layer about the inferior 
olivary nucleus as they terminate near its cells (Glees and Zander, 1950). 

The Tegmental Decussations. At the level of the superior colliculus and 
between the two red nuclei the median raphe presents an unusual number of 
crossing fibers (Figs. l? c 2, A()*2). Among these are included the dorsal tegmental 
decussation (fountain decussation) of Meyncrt and the ventral tegmental decus¬ 
sation (decussation of Ford). The latter is composed of fibers from the rod 
nucleus, which, after crossing the median plane, descend through the brain 
stem as the rnbro-bulbar and into the lateral funiculus of the spinal cord as the 
rubrospinal tract (Fig. 109). The dorsal teg mental decussation is composed of 
fibers \Y hich arise in the superior colliculi of the corpora qnadrigemina, sweep 
in broad curves around the central grav stratum, and after crossing the median 
plane in the dorsal part of the raphe, go to form the tectobulbar and tectospinal 
tracts. 

The medial longitudinal fasciculus is more conspicuous in the mesencephalon 
than in other parts of the brain stem, but it occupies the same relative* position, 
that is, near the median plane close to the central gray matter. At the level of 
the superior colliculus it forms a rather broad obliquely placed lamina, extending 
dorsolaterallv from the median raphe, and together with the corresponding 
lamina of the opposite side produces in transverse sections a V-shaped figure 
(Fig. 1(19). The apex of this V is directed centrally, and included between its 
two limbs arc the oculomotor nuclei. At the level of the inferior colliculi the 
medial longitudinal fasciculus lies immediately ventral to the nucleus of the 
trochlear nerve (Fig. 1(18). In the pons ific* nucleus of the abducens nerve is 
placed on its dorsolateral border. The close relation of this fascicle to the 
nuclei for the motor nerves of tin* eye is of considerable significance, since 
according to the theory of neurobiotaxis it is an expression of the fact that the 
majority of the afferent fibers to these nuclei come from this fascicle. This 
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bundle of fibers is a chief factor in the r<*fl<*x control ot the movements ot the* 
eyes, an<l especially in the coordination of these nio\ T (‘iiH*nls with those ot the 
head and neck. 

The Lem nisei. In sort ions through the rostral l>onh*r ot tin* pons tin* two 
loin nisei form a broad curved hand in the ventral and lateral portions ot tin* 
tegmentum. Tin* fibers of the lateral lemniscus are cut obliquely, indicating that 
they have begun to turn dorsally toward l lie interior colliculus (big- Hit)). On 
entering the midbrain this lateral portion of the fillet separates troni tin* medial 
lemniscus and runs toward the corpora qiiadrigemina. where it forms a capsule 
for the nucleus of the inferior colliculus (Fig. 108). Some ot these fibers are pro¬ 
longed beyond the nucleus and decussate with similar fibers from tin* opposite 
side. A large proportion of the fibers of the lateral lemniscus end in the inferior 
colliculus, but others form the inferior quadrigeminal brack nun . through which 
they reach the medial geniculate body (Figs. 170, 187). In the mesencephalon 
the lateral lemniscus, which, it will Ik* remembered, is the central auditory tract 
from the cochlear nuclei, is joined by the* fibers of the spinotectal tract, and 
these run with it to the corpora qiiadrigemina. 

'The medial lemniscus , or bulbothalamic tract from the graeiie and cuneatc 
nuclei of the opposite side, is continued through the tegmentum of the mesen¬ 
cephalon to end in the thalamus (Fig. 209). Incorporated with it in this upper 
part of its course are the fibers of the spinothalamic tract and a portion of the 
central sensory tract of the trigeminal nerve (Figs. 185, 208). In the caudal part 
of the mesencephalon this broad band of longitudinal fibers occupies the ventro¬ 
lateral portion of the tegmentum (Fig. 108), but at the level of the superior col¬ 
liculus it has been displaced dorsolalerallv by the rod nucleus. Here it lies not 
far from the medial geniculate body and inferior quadrigeminal brachinm 
(Fig. 170). 

The Central Gray Stratum. The cerebral aqueduct is lined by ependymal 
epithelium and surrounded by a thick layer of gray matter, the central 
gray stratum , which, because of its paucity of myelinated fibers, is nearly 
colorless in YVeigerl preparations. This layer is continuous with the gray matter 
surrounding tin* third ventricle, on the one* hand, and with that covering tin* 
rhomboid fossa on the other. Numerous nerve cells are scattered through this 
central gray substance, and, in addition, there an* three compact groups of 
cells, which are tin* nuclei of tin* oculomotor and trochlear nerves and of the 
mesencephalic root of the trigeminus. 

The nucleus of the trochlear nerve contains tin* cells-of origin of the motor 
fibers for tin* superior oblique muscle of the eye. It is a small oval mass situated 
in the ventral part of the* central gray stratum at the level of the inferior col¬ 
liculus (Fig. KJ8). The fibers of the trochlear nerve emerge from the dorsolateral 
aspect of this nucleus, curve dorsally around the central gray matter, and decus¬ 
sate in the anterior medullary velum (Fig. 1(H)). 

The nucleus of the oculomotor nerve is composed of the cells of origin of 
the motor fibers for all of the ocular muscles except the superior oblique and 
lateral rectus. It lies in the ventral part of the central gray substance beneath 
the superior colliculus (Figs. 170, 175). This nucleus, a part of which occupies a 
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median position and supplies fibers to the nerves of both sides, is (i or 7 mm. long 
and extends from a little beyond the rostral limit of the mesencephalon to the 
nucleus of the trochlear nerve, from which it is not sharply separated. From 
the nucleus the fibers of the oculomotor nerve stream forward through the teg¬ 
mentum and red nucleus. They emerge through the oculomotor sulcus along the 
ventromedial surface of the basis pcdunculi. 

The interpeduncular ganglion is a median collection of nerve cells in the 
posterior perforated substance situated between the two cerebral peduncles near 
the border of the pons (Figs. 1(>8, 85(>, .857). It receives fibers from the habenular 
nucleus of the epithalamus by way of the fasciculus retrodexns of Mevnert, and 
from it spring fibers that run to the dorsal nucleus of the tegmentum. 

The substantia nigra is a broad thick plate of pigmented gray matter, which 
separates the basis pcdunculi from the tegmentum and extends from the border 



of the pons throughout the length of the mesencephalon into the hypothalamus. 
In transverse section it presents a semilunar outline. Its medial border is super¬ 
ficial in the oculomotor sulcus and is thicker than the lateral border, which 
reaches the lateral sulcus of the mesencephalon. Its constituent nerve cells, large 
and deeply pigmented, send their axons into the tegmentum. There terminates 
within it a bundle, consisting of both direct and crossed fibers connecting il 
with the corpus striatum, the striomyral tract (Fig. 171). Many of the fibers run 
from the substantia nigra to the striatum. Collaterals from the corticifugal fibers 
of the basis pcdunculi are said to end here. 

The basis pcdunculi is a broad compact strand, crescentic in transverse sec¬ 
tion, which consists of longitudinal fibers of cortical origin, continued from the 1 
internal capsule into the longitudinal biimUcs of the pons. Il consists of four 
tracts. The medial and lateral fifths are occupied by fibers which terminate in 
the nuclei pontis arising from frontal, parietal-, temporal, and occipital lobes. 
Those of the medial one-fifth arise from the cortex of the frontal lobe of the 
cerebral hemisphere and constitute the jrontopontile tract. Other fibers, arising 
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iron) the' temporal h)be, form tlx* tern pompon I He tract and occupy t li<* lateral 
one-filth of the basis pediinculi. The intermediate portion, approximately three- 
fifths, is formed by the* cort icospinid tract , the fibers of which after divine off 
collaterals to tin* nuclei pout is arc continued into tin 4 pyramids of tin* medulla 
oblongata and thence into the spinal cord. Many of the fibers of the Cortieobul- 
bar tract , indicated in Fig. 171 by coarse stipple, are intermingled with the 
more medially placed corticospinal fibers: but even at this level two large fas¬ 
cicles destined for the nuclei of the cranial nerves have separated from the main 
strand of motor fibers (Dejerine, 1914). These have been called the medial and 
lateral corticobulbar tracts. 

The Corpora Quadrigcniina. The rostral portion of the midbrain roof or 
tectum mesencephah is in all vertebrates an end-station for the optic tracts. In 
the lower vertebrates there are but two elevations in the roof, the optic lobes or 
corpora bigemina, and these, which correspond in a general way to the superior 
colliculi , are visual centers (Fig. 7). In mammals the development of a spirally 
wound cochlea is associated with the appearance of two additional elevations, 
the inferior colliculi, within which many of the fibers of the central auditory 
path terminate. The entire tectum receives fibers from the spinal cord and 
medulla oblongata and sends other fibers back to them; it also receives fibers 
from the cerebral cortex. It contains important reflex centers, those in the 
superior colliculus being dominated by visual, those in the inferior colliculus 
by auditory impulses. 

Each inferior colliculus contains, in addition to the laminated grav matter 
of the tectum, a large gray mass, oval in transverse section, and known as the 
nucleus of the inferior colliculus (Fig. 1(><S). The lateral lemniscus has been traced 
to this nucleus, and while some of the fibers plunge directly into it, others sweep 
around it to form a capsule, within which it is enclosed. The majority of these 
fibers ultimately end in this nucleus, but some pass beyond it, reach the median 
plane and decussate with similar fibers from the opposite side (Fig. 172). The 
ramifications of fibers from the lateral lemniscus form an intricate interlacement 
within the nucleus, and throughout this network are scattered many nerve cells 
of various shape's and size's. On the medial siele* of this circumscribed nuclear 
mass we' fiuel senne of the laminated gray matter of the' tectum, within which 
are eaube'elele'el large multipolar cells with axons elirccteel centrally in the stratum 
profunduni (Fig. 172). These' partially encircle the central gray matter auel, after 
undergoing a partial elccussaliem, enter the tcclohulhnr and tectospinal tracts. 

The' inferior r/ uadriyeminal brac/iiuni be'gins on the lateral side of the nu¬ 
cleus e>f the' i)lfe*rie>r e*e>11 ieulns and consists e>f fibers from the lateral lemniscus 
whie-li run le> ami le'iniinale within the 1 medial (jeniculate body (Figs. 1(>S, 170). 
The fibers e>f the- lateral h'mnisons e-arry anelilorv impulse's from the terminal 
nucle-i e>f the* e-e>chle*ar nerve. Senne' of these terminate' in the' inferior colliculus 
auel are' e*<> 11 c‘e*r 11 e'< 1 with re*fh'xe'S in re'sponse te> sound. Other fibe'rs, some of 
which are* brauche-s e>f those' to the' inferior colliculus, run to the medial genicu¬ 
late' be>dy, from which the' impulses that they carry are relaye'el te> the cerebral 
cortex. The inlVrien* ejuadrige'iuinal brachium also contains fibers of cortical 
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origin, chiefly from the* temporal lobe, which end within the inferior eollienlns, 
and fibers from the inferior colliculi to the medial geniculate' body. 

Ihe superior colliculi, or superior quadrigeminal bodies, are composed of 
laminated gray matter. Each consists of four superimposed, dorsally convex 
layers (Fig. 170). The most superficial of these is a thin lamina with manv trails- 

t 

vcrscly coursing nerve fibers, the stratum zonule . The second layer is much thicker. 



I'ua Hi-. 17-2. S(*ini(li;ij>Tamin;ilic section through the inferior eollicutiis of the mouse: ,1, Nueleus 
of interior eollienlns; H, <;r:u’ matter of the lamina quadritfemimr. C\ inferior quadrigeminal bra- 
i hnnn, /), central pray substnnee; /. stratum prntuudum: ./, medial longitudinal fasciculus; K, 
decussation of the braehium conjmietivum; a, b. c. <7. filters of the lateral lemniscus. Golm method. 
(Cajal.) 


contains few myelinated fibers, and is known as the stratum griseum. 'The third 
and fourth layers, stratum opticum and stratum loiuusci , arc rich in mvelinated 
fibers. Ihe majority of the afferent fibers of the superior colliculus come from 
the optic tract by way of the superior quadrigeminal braehium and enter the 
stratum opticum. Many of these end in the .superimposed stratum griseum. The 
superior colliculus also receives fibers fro»L the cerebral cortex and from the 
spinotectal tract. The fibers of the tectospinal tract form a thin lamina next 
to the central gray substance called the stratum profundum, which might 
properly be considered as the fifth layer of the superior colliculus. 
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The tcctobulbar and tectospinal tracts tak<‘ origin from large e(‘lls in the 
tectum of the mesencephalon. None of the fibers come from the nucleus of the 
inferior colliculus. The fibers forming these tracts are assembled in the stratum 
profundnm and sweep venlrally m broad curves around the central gray sub¬ 
stance (Figs. 170, 172). After crossing the median plane in the dorsal tegmental 
decussation they run in a caudal direction just ventral to the medial longitudinal 
bundle. Some fibers are given off to the nuclei of the brain stem and the rest 
enter the ventral funiculus of the spinal cord and form synapses with the motor 
cells chiefly in the cervical region. A lateral tcctobulbar tract, whose fibers are 
uncrossed, descends through the lateral part of the pontile tegmentum and ends 
in the reticular formation (Rasmussen, 1936). 


C H A PTER XIII 


The Cranial Nerves and Tlieir Nuclei 


lien llie embryonic neural tube closes and the cells of the ependymal layer 
have proliferated to form mantle and marginal layers, there is left a groove in 
eaeli lateral wall which separates dorsal and ventral portions. These are known 
respectively as the alar and basal laminae. Within the alar laminae throughout 
tlie neural tube sensory cell clusters develop, while in the basal laminae motor 
cells develop, this is exemplified m the mature spinal cord by the origin of the 
motor fibers ot ventral roots of the spinal nerves from cells of the ventral horn 
of gray matter, and the connections which sensory fibers of the dorsal roots es¬ 
tablish with cells ot the dorsal horn of gray matter. There is in the basal laminae 
m the region of the spinal cord evidence ot a further longitudinal segregation 
ot functional groups ot cells. Not only is subdivision of longitudinal columns 
of somatic motor cells evident, but dorsolateral to the somatic motor columns 
appears the visceral motor column, that is. the preganglionic visceral efferent 
group ot cells in the intermcdiolateral cell column of gray matter. 

1 ho spinal cord remains tubular in form and its segmental arrangement 
presents no marked variation in plan at different levels. The size of the cord 
varies with the amount of tissue to be supplied in tin* region; witness the quan¬ 
titative increase in the*.region ot the lumbar and cervical enlargements where 
the limbs attach. In lhi* head end of the animal, where specialized sense organs 
occur and special mechanisms tor feeding, respiration, and vocalization are 
formed, there i> an accompanying specialization ot the nerves supplying various 
parts and ot the cranial portion of the neural tube with which these nerves are 
connected. During development the simple tubular pattern of the nervous sys¬ 
tem is distorted and becomes less evident owing to the flexures which occur, 
the thinning ot the root of the fourth ventricle, the siiprascgmciital accumula¬ 
tions of nervous tissue, and the mushroom growth of nerve cell groups asso¬ 
ciated with some cranial nerves. 

There is, however, evidence of the original tubular structure, ('specially well 
retained in the mesencephalon; and a study of the nerve cell groups related to 
the cranial nerves reveals a more or less clear columnar arrangement of nuclear 
masses associated with functional types ot fibers. The line ot division between 
the alar and basal laminae, the sulcus limilans, is visible in the floor of the 
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ton rlli ventricle though somewhat oft need m tin* caudal portion. Between this 
sulcus and Ihe nudlnie may be lonnd llu* nuclei ot origin of the motor libers ot 
the cranial nerves, while beneath the floor lateral to the sulcus limitans lie the 
nuclei of reception of sensory fibers ot the cranial nerves (except nerves 1 and II). 

Functional Components. The functional components ot a typical spinal 
nerve are four: general somatic and visceral, each subdivided into afferent and 
efferent. The same components occur in cranial nerves (not all in each nerve), 
but there are also special groups of fibers so that if each ot these tour compo¬ 
nents could be subdivided into special and general subdivisions, eight functional 
types of components would result. Actually, only seven types are listed since 
somatic efferent fillers are not considered as divided into special and general 
groups. 

The following diagram will illustrate the classification of fibers of cranial 

o o 

nerves into seven components: 

general 

somatic-^afferent 


special 

somatic-^afferent 


visceral 



efferent 


visceral- 


-efferent 


A few conflicts arise in the functional classification of cranial nerve fibers 
because either of two separate criteria has been used to make the classification. 
This is in reality a logical error, but at the head end of the animal where the 
“visceral" enlodermal canal joins the superficial ectoderm of the head covering, 
a “somatic" area, such conflicts are unavoidable. As long as the student is aware 
of the dilemma and can see the reasonableness of either classification no mis¬ 
understanding need arise. 

Nerves supplying sensory fibers to ectodermally derived structures, as the 
skin, the eye, and the internal ear, are classed as somatic, those to the skin are 
termed general, those to the eye and ear as special. An exception occurs in the 
ease of the first cranial nerve, which, though derived from cells in an ectodermal 
structure, tin* nasal pit, is classed as visceral because ot its association with feed¬ 
ing, a dominantly visceral function. It is at least distinguished by being called 
special visceral as are also the fibers Irom taste buds. 

On the motor side nerve fibers to smooth muscle, cardiac muscle, and glands 
arc classed as general visceral efferent, and those which supply skeletal muscles 
derived from the mesoderm of the somites are classed as somatic efferent. About 
the month and face a set of muscles identical histologically with those derived 
from segmental mesoderm are lormed out ot the diffuse mesoderm ot the bran¬ 
chial arches which develop in intimate relation to the anterior end of the alimen- 
tarv canal. These are striated and in every way resemble the somatic muscle 
but are termed visceral muscles. However, because they are very different from 
the smooth visceral musculature of the gut, the. motor nerve fibers to them arc 
classed as special visceral. (These nerve fibers do not belong to the autonomic 
system.) A third conflict arises out of this situation. The proprioceptive fibers 
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Figuhb 173. Diagrams showing Hie origin, course, and termination of the functional compon¬ 
ents of the cranial nerves. Somatic afferent and efferent, red; visceral afferent, yellow: general visceral 
efferent, black; special vise-era 1 efferent, bine. A. shows the locations of the several functional cell 
columns in a section through the medulla oblongata of a human embryo and the peripheral termi¬ 
nations of the several varieties of fibers. If dorsal view of the human brain stem, showing the 
location of the nuclei and the intramedullary course of the fibers of the cranial nerves. 
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throughout the body have been grouped with the general somatic afferent fibers. 
Since file proprioceptive neurons related to somatic muscle and those to tin* 
branclilomcric muscle are histologically alike, they have been left in the same 
classification, giving rise to the peculiar situation in which a set oi muscles re¬ 
ceiving motor fibers classed as special visceral are supplied with sensory fibers 
classed as general somatic. Again, in the facial nerve are fibers conveying deep 



sensory nuclei: stipple, special somatic sensory nuclei. (Herrick.) 


sensibility from the face. Whether these fibers are identical with the proprioccp 
live fibers from facial muscles is not known, but they have been classified as 
general visceral afferent. 

From what has been said it will be evident that there arc seven distinct 
jmidioiidl ('(mii>()))(’uIs m 1 lie cranial nerves, namely, somatic eflcrcnt, general 
somatic afferent, special somatic afferent, general visceral efferent, special vis¬ 
ceral efferent, general visceral afferent, and special visceral afferent components 
(Figs. 1 174). No single nerve contains all seven types of fibers and the indi¬ 

vidual cranial nerves vary greatly in their functional composition. On entering 
the brain a nerve breaks up into its several components, which separate from 
each other and pass to their respective nuclei, enumerated below. These nuclei 
niav be widclv separated in the brain stem. Fibers having the same function 
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t(Mid to be associated together within the brain irrespective of the nerves to 
which they belong. For example, all the visceral afferent fibers of the facial, 
glossopharyngeal, and vagus nerves are grouped in the tract ns solitaries (Fig. 
17,‘), yellow). 1 he analysis of the cranial nerves into their functional compo¬ 
nents has involved a great amount of labor which has been carried through for 
the most part by American investigators. Among those who have made impor¬ 
tant contribution to this subject may be mentioned the following: Gaskell 
(18S(i), Strong (1895), Herrick (1899), Johnson (1901), Coghill (1902), Nor¬ 
ris (1908), and Willard (1915). The nerve cells, with which the fibers of the 
several functional varieties are associated within the brain stem, are arranged 
in longitudinal nuclear columns , which incidentally show more conspicuously in 
the selachian than in the higher vertebrate brain. 

Longitudinal Nuclear Columns. As stated above, the sensory nuclei of the 
cranial nerves develop within the alar plate and the motor nuclei within the 
basal plate ot the neural tube. In the rhombencephalon both plates come to lie 
in the floor ot the fourth ventricle, the alar occupying the more lateral position. 
In spite ol the changes of position which occur during development, the sensory 
nuclei retain, on the whole, a lateral, and the motor nuclei a more medial, loca¬ 
tion. From the basal plate there differentiate a somatic and a visceral column 
of efferent nuclei, and from the alar plate a visceral and a somatic column of 
afferent nuclei. 

I he somatic efferent column includes the nuclei of those motor nerves which 
supply the extrinsic muscles of the eye and the musculature of the tongue (Fig. 
175, 170). 

the visceral efferent cells lie in two columns: (1) a ventrolateral column 
ot nuclei, from which arise the special visceral efferent fibers to the striated 
visceral or branchial musculature, and which includes the nucleus ambiguous 
and the motor nuclei of the fifth and seventh nerves, and (2) a more dorsally 
placed group for the innervation of involuntary musculature and glandular tis¬ 
sue, of which the dorsal motor nucleus of the vagus is the chief example. The 
former may be called the special visceral efferent and the latter the general vis¬ 
ceral efferent column. 

The visceral afferent column is represented by the nucleus of the tractus 
solilarius, within which end the visceral afferent fibers, both general and special, 
ot the facial, glossopharyngeal, and vagus nerves. The somatic afferent nuclei 
may be separated into two groups: a general somatic afferent column , within 
which terminate the sensory fibers from the skin: and a special somatic group 
ot nuclei for the reception of the fibers of the acoustic nerve and, in aquatic 
vertebrates, of the lateral line nerves also. 

While the classification of cranial nerve components is analytically useful, 
it is often too arbitrary for the actual details. In the specialization that oc¬ 
curred, certain cranial nerves usurped, as it> were, functions which in the spinal 
nerves are shared by successive segmental nerves. For example, the trigeminal 
has taken over the job of supplying 'general sensibility to the head and face, 
but the vagus and probably the glossopharyngeal and the facial supply a small 
cutaneous area in the neighborhood of the external auditory meatus and ear. 
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Th(‘ fibers from this area on entering tlie* iikmI nlln join the spinal nucleus of the 
trigeminal. Such conlribulions arc not conimonlv listed in an analysis of cranial 
ncrv(‘ components, and Ihcre are other exceptions to the general rule. For ex¬ 
ample, some fibers from the trigeminal nerve enter the nucleus solitarius (Torvik, 


THE SOMATIC EFFERENT COLUMN 

As can be seen by reference to Figs. 157, 1(15, 1 (iS, and 170, the nuclei of the 
ll.V] >oglossal, abdticens, trochlear, and oculomotor nerves are arranged in linear 
order in the central gray mallei* near the median plane. They represent the 
continuation into the medulla oblongata of the large cells of the anterior column 
of the spinal cord. The cells of these nuclei are large and multipolar with well 
developed Xissl bodies (Fig. hi!)), and from them arise large myelinated fibers. 
This group of nuclei is indicated in red in Fig. 175 and by small circles in Figs. 
174 and 170. 


The muscles supplied by this column of cells do not come from myotonies as do those supplied 
by llie spinal nerves. The extrinsic eye muscles develop from premandibular and maxillomandibular 
condensations of mesoderm that lie anterior to the notochord (Gilbert, l!)t?). The tongue muscu¬ 
lature apparently arises from the mesoderm of the branchial arches forming the floor of the mouth. 


The nucleus of the oculomotor nerve is an elongated mass of cells in the 
central gray matter ventral to the cerebral aqueduct at the level of the superior 
colliculus (Figs. 174, 17(>). Even a superficial examination shows that it is divided 
into a lateral paired and a medial unpaired portion (Fig. 170). The lateral group 
of cells spreads out upon the surface of the medial longitudinal bundle, and ex¬ 
tends throughout the entire length of the nucleus (Fig. 175). The medial por¬ 
tions of the two nuclei are fused into an unpaired median nucleus, which at its 
caudal end is rather ill defined, but in sections through the middle third of the 
oculomotor complex forms a well defined spindle-shaped mass, the medial nu¬ 
cleus of Perlia (Fig. 175, M and MP). The paired lateral nuclei form plates of 
cells lying upon and infiltrating the medial longitudinal fasciculi. Each of these 
plates is divided rather indistinctly into a larger ventral and a small dorsal 
portion. 44)esc lateral nuclei are composed of large multipolar cells of the type 
supplying skeletal muscle. 44ic medial nucleus, including the medial nucleus of 
Perlia, is compost'd of cells, which although smaller than those of the lateral 
nucleus, have the discrete Nissl bodies characteristic of motor neurons. 

Some of the fibers from the medial nucleus enter the right and the others 
enter the left oculomotor nerve. Some from tin* lateral nucleus cross the median 
plane and enter the nerve of the opposite side, but the majority remain un¬ 
crossed. After sweeping in broad curves through the tegmentum and red nucleus 
the fibers emerge through the oculomotor sulcus (Fig. 170). t hey supply all of 
the extrinsic muscles of the eye except the lateral rectus and superior oblique. 


As oik* might export from the fact that the oculomotor nerve supplies several distinct muscles, 
its nucleus seems to be made up of a number of more or less distinct groups of cells. S/.eutagothai 
(IJH-2), Header and Weinstein (l!H3), and Danis (l!)tS) found the pattern of representation the 
reverse of that formerly described. From the cranial end eaudalward accordin';' to Danis the cell 
groups supply nerve fibers to the extrinsic eye muscles in the following* order: rectus inferior, rectus 
medialis, ohliipms inferior, rectus superior, and levator palpebrae snperioris, the last three over- 
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Fjoi hr 17o. Diagrams showing the changes in topography of the several divisions of the oculo¬ 
motor nucleus seen in following a series ol sections from below upward through the mesencephalon: 
T From near the caudal end of the oculomotor nucleus; 11, middle portion; C, rostral end; D, 
just rostral to the lateral large-celled portion ol the nucleus. AM, Anterior medial nucleus; DL , 
dorsal portion ol lateral nucleus; EW, Edinger-Westphal nucleus; /, interstitial nucleus; M, diffuse 
portion ol medial nucleus; Ml.F, medial longitudinal fasciculus; MP , medial nucleus of Perlia; 
RL, rostral end of lateral nucleus; VL , ventral portion of lateral nucleus. 


lapping. The fibers leaving these subdivisions and passing to the rectus inferior, rectus medialis. 
and obliquus inferior muscles were observed to be uncrossed, while those passing to rectus superior 
and levator palpebrae were largely, but not entirely, crossed. Warwick (19.53) confirmed these 
observations except that he lound the fibers to the levator palpebrae superiores wholly crossed in 
the monkey. 


The nucleus of the trochlear nerve lias already been located in the central 
gray matter ventral to the cerebral aqueduct at the level of the inferior collicu¬ 
lus, close to the caudal extremity of the oculomotor nucleus (Figs. 108, 174, 170). 
The fibers of the trochlear nerve emerge from the dorsal and lateral aspects of 
this nucleus, and, encircling the central gray matter along an angular course 
which carries them also caudally, enter tin? .anterior medullary velum, decussate 
within it, and make their exit from its dorsal surface (Fig. 100). They supply 
the superior oblique muscle. 


The nucleus of the abducens nerve 

the pons as a spheric gray mass, which 


was encountered in the dorsal portion of 
with the genu of the facial nerve forms 
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the facial colliculus of the rhomboid fossa (Figs. 10.S, 174, 170). The fillers of 
the abduccns nerve leave the nucleus chiefly on its dorsal and medial surfaces 
and hcconic assembled into several root bundles, which arc directed venlrallv 
toward their (‘xit from the lower border of the pons near the pyramid of the 
medulla oblongata. It supplies the lateral rectus muscle. 
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Florin: 170. Motor nuclei of the cranial nerves projected on a medial sagittal section of the 
human hrain stem. Circles indicate somatic efferent nuclei; small dots, general visceral efferent nuclei; 
large dots, special visceral efferent nuclei. 


A diagram of the representation of the eranioeamlal sequence of the ocular 
muscles within the brain stem alongside the pattern of movements of the bulbils 
oculi shows some correlation of topography. 
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I lie axons , which raniity within tlie three nuclei for tlie motor nerves of 
the eye, are derived from many sources. The most important of these sources 
are the corticolmlbar tract, the medial longitudinal bundle, and the tcctobulbar 
tract. 1 hese various fibers provide tor voluntary movements of the eyes, and 
tor reflex ocular movements in response to vestibulbar, visual, and auditory 
impulses. I he nuclei probably also receive branches from the central sensory 
path of the fifth nerve. 

The nucleus of the hypoglossal nerve is a slender cvlindric mass of gray 
matter nearly cm. in length, extending between the levels of the lower borders 
ot the olive and ot the cochlear nuclei. We have already identified it in both 
the open and the closed portions of the medulla oblongata. In the floor of the 
fourth ventricle it lies beneath the trigonuiu hvpoglossi, while more caudallv it 
lies ventral to the central canal (Figs. 155, 159, 174, 17(5, 517-.T27). The root 
fibers are assembled into bundles which run vent rail v toward their exit along 
the lateral border of the pyramid. 

A conspicuous plexus ot myelinated fibers gives the hypoglossal nucleus a 
characteristic appearance in Weigert preparations. Fibers from many sources 
reach the nucleus and ramify within it. These include some from the corticobul- 
bar tract and others from the sensory nuclei of the fifth nerve and from the 
nucleus ot the tractus solitarins. The part which such fibers may play in reflex 
movements of the tongue is illustrated in Fig. 151. 


THE SPECIAL VISCERAL EFFERENT COLUMN 

The special visceral efferent column of nuclei contains the cells of origin of 
the motor fibers tor the striated musculature derived from the branchial arches, 
as distinguished from the general skeletal musculature that develops from the 
myotonies. The branchial musculature includes the following groups of muscles: 
the muscles of mastication, derived from the mesoderm of the first branchial arch 
and innervated by the trigeminal nerve; the muscles of expression . derived from 
the second or hyoid arch and innervated by the facial nerve; the musculature 
of the pharynx and larynx , derived from the third and fourth arches and in¬ 
nervated by the glossopharyngeal, vagus, and the bulbar portion of the acces¬ 
sory nerve; and probably also the sternocleidomastoid and trapezius muscles , 
innervated through the spinal root of the accessory nerve. Some authors prefer 
to call this column, which includes the motor nuclei of the fifth■ and seventh, 
nerves and the nucleus amhiguus , the lateral somatic column, because the cells 
of these nuclei and the fibers which arise from them possess the characteristics 
of somatic motor cells and fibers. The nuclei are composed of large multipolar 
cells with well developed Nissl bodies. These cells give origin to large myelinated 
fibers which run through the corresponding nerve and terminate in neuromus¬ 
cular endings in one or another of the muscles indicated above. 

The motor nuclei of the fifth and seventh nerves and the nucleus ambiguns 
of the ninth, tenth, and eleventh nerves form a broken column of gray matter, 
located in the ventrolateral part of the reticular formation of the pons and 
medulla oblongata some distance beneath the floor of the fourth ventricle (Figs. 
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174, 17G). The cells of tills column and the special visceral efferent fibers which 
arise from them have been colored blue in Fig. 173. 

The motor nucleus of the trigeminal nerve lies on the medial side of the main 
sensory nucleus of that nerve, and is located at the level of the middle of the 
pons in the lateral part of the reticular formation some distance from the ven¬ 
tricular floor (Figs. 104, 174, 17(>, 34(5-352). The fibers, which take their origin 
here, are collected in the motor root or portio minor of the fifth nerve and run 
with its mandibular division to the muscles of mastication. Within the nucleus 
there terminate fibers from the corticobulbar tract and many fibers, chiefly 
collaterals, from the central sensory tract of the trigeminal nerve. It also receives 
collaterals from the mesencephalic root of the trigeminal and from other sources 
(Fig. 184). 


Within the motor nucleus ol the trigeminal nerve muscles are represented by groups ol cells 
that supply them: the more dorsally placed muscles in the ventral part of the nucleus, the more 
ventral muscles in the dorsal part. Muscles more oral in position are represented more anteriorly 
in the nucleus than those posterior in position (Szentagothai. 1041)). 


Root of facial nerve, first part 
Abducens nucleus 


Root of facial nerve, genu 


Root of facial nerve , second part 
Facial nucleus 
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Root of facial nerve, first part 
Spinal root and nucleus N .V 
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Root of facial n., sec. 
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A bducens nerve 

Figure 177. Diagram of the root of the facial nerve, shown from the rostal side as if exposed by 

dissection in a thick section of the pons. 

The motor nucleus of the facial nerve is located in the ventrolateral part of 
the reticular formation of the pons near its caudal border (Figs. 1(52, 174, 17(5, 
335-340). Its constituent cells are arranged so as to form a varying number 
of subgroups which may possibly be concerned with the innervation of indi¬ 
vidual facial muscles. 

From the dorsal aspect of this nucleus there emerges a large number of fine 
bundles of fibers, directed dorsomedially through the reticular formation. 1 hese 
rather widely separated bundles constitute the first part of the root of the facial 
nerve (Fig. 177). Beneath the floor of the fourth ventricle the fibers turn sharply 
rostrad and are assembled into a compact strand of longitudinal fibers, often 
called the ascending part of the facial nerve. This ascends along the medial 
side of the abducens nucleus dorsal to the medial longitudinal bundle for a 
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considerable distance (5 nun.). The nerve then turns sharply latcralward over 
the dorsal surface of the nucleus of the abducens nerve, and helps to form the 
elevation in the rhomboid fossa, known as the facial colliculus. This bend around 
the abducens nucleus, including the ascending part of the facial nerve, is known 
as the ()cnit. The second part of the root of the facial nerve is directed ventro- 
laterally and at the same time somewhat caudally, passing close to the lateral 
side of its own nucleus, to make its exit from the lateral part of the caudal 
border of the pons (Fig. 103). 

Fibers from many sources terminate in the facial nucleus in synaptic rela¬ 
tion with its constituent cells. Those from the eorticobulbar tract place the facial 
muscles under voluntarv control. Others are collaterals from the secondarv sen- 

t 4 

sory paths in the reticular formation and arc concerned with bulbar reflexes. 
Some of these collaterals are given off by fibers arising in the trapezoid body 
and carry auditory impulses. Others arc collaterals of fibers arising in the nucleus 
of the spinal tract of the fifth nerve: and still others are given off by ascending 
sensory fibers from the spinal cord (Cajal, 1909). 


A type of topographic localization of cell groups supplying the various facial muscles similar 
to that shown in the trigeminal motor nucleus has been demonstrated in the cal. Muscles in con¬ 
centric zones beginning about the mouth and extending posteriorly are represented in the nucleus 
in similar order aiiteroposleriorlv. Muscles in the upper part of the face are represented in the more 
ventral part of the nucleus, those in the lower part of the face in the more dorsal part of the 
nucleus. The platysma was represented medially in the nucleus, the orbicularis oculi laterally 
(Szentagothai, 11)48). 


The nucleus ambiguus is a long slender column of nerve cells, extending 
through the length of the medulla oblongata in the ventrolateral part of the 
reticular formation (Figs. 158, 174, 170, 308-832). Its constituent cells give rise 
to the special visceral efferent fibers that run through the glossopharyngeal, 
vagus, and accessory nerves to supply the musculature of the pharynx and 
larynx. It reaches from the border of the pons to the end of the medulla, but is 
most evident in transverse sections through the caudal part of the rhomboid 
fossa. Here it can be found in the reticular formation ventral to the nucleus of 
the spinal root of the trigeminal nerve. The fibers arising from its cells are at 
first directed dorsallyu.then curving laterally and ventrally they join the root 
bundles of the ninth, tenth, and eleventh nerves with which lliev emerge from 
the brain (Fig. 100). A few of the fibers cross the median plane and join the 
corresponding root bundles of the opposite side. 

The sensory collaterals which arborize among the cells of the nucleus am¬ 
biguus are derived from the central tracts of the trigeminal, glossopharyngeal, 
and vagus nerves, from ascending sensory fibers of spinal origin, and from other 
longitudinal fibers in the reticular formation. Other fibers reach this nucleus 

ci? 

from the eorticobulbar tract. 


The accessory nerve consists of a bulbar and a s flip a I portion, the fibers of the spinal root take 
origin from a linear group of cells in the lateral part of the anterior gray column in the upper 
cervical segments of the spinal cord. This root ascends along the side of the spinal cord, passes 
through the foramen magnum, and is joined by the bulbar rootlets of the accessory (Fig. 178). 
The nerve then divides into an internal and an external branch. In the latter run all the fibers of 
spinal origin and these are distributed to the trapezius and sternocleidomastoid muscles. If, as 
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scorns probjiblo, llicso muscles arc domed from f lic brancliial arches (Lewis', l!)10j. I lie fibers 
which supply lliciu may be regarded as special visceral efferent fibers, and I lie spinal nucleus of 
I he accessory nerve may be considered as homologous lo Ihc imelens ambigims. I lie bulbar rootlets 
of the accessory nerve, which contain both general and special visceral elferent fibers, form a 
well defined fascicle, readily distinguished from the spinal portion of the nerve, and which, as the 
internal ramus, joins the vagus nerve and is distributed through its branches (Fit’’. 173; Chase and 
Hanson, IS) 14). 



The afferent and efferent fibers of the vagus become segregated into separate rootlets before 
entering the medulla. The motor rootlets are small and are in vertical alignment with the bulbar 
rootlets of the accessory. Like the latter they arc composed of fibers from the nucleus ambiguus 
and from the dorsal motor nucleus. The fibers from the jugular as well as those from the nodose 
ganglion form sensory rootlets which join the traetus soli lari ns (Hanson, l'oley and Alport, 1333; 
Foley and Du Buis. 11)34; Tarlov, 1040). 


THE GENERAL VISCERAL EFFERENT COLUMN 

The general visceral efferent column of nuclei is composed of llie cells from 
which arise the efferent fibers innervating can line and smooth muscle and gland¬ 
ular tissue. The cells of these nuclei are relatively small and their Xissl bodies 
are not well developed (Fig. 171), B). They give rise to the general visceral effer¬ 
ent fibers of the cranial nerves. 'These are small myelinated fibers, which end 
in autonomic ganglia, where they arborize about autonomic cells, the axons of 
which Lerminalc in smooth or cardiac muscle or in glandular tissue. The neurons 
of this series arc, therefore', characterized by l he fact that l he impulses which 
they transmit must be relayed by neurons of a second order before reaching 
the innervated lissue (Fig. 1715). This group of nuclei is indicated by black in 
Fig. 17.‘> and by fine stipple in Figs. 174, 17(5. 

The dorsal motor nucleus of the vagus (nucleus vagi dorsalis mcdialis) has 
been netted in the transverse seclion through the medulla oblongata (Figs. 155, 
151)). Il lies along tin* dorsolateral side of the hypoglossal nucleus, subjacent to 
the ala eincrcn of the rhomboid fossa, and lateral to the central canal in the 
closed pari of Ihc medulla oblongata (Figs. IS C 2, .‘>1 1-I>.‘F2). The general visceral 
efferent fibers which arise from the cells in this nucleus, leave the medulla ob- 





Tin-: Cranial Xkrvks and Their Xrn,rci 


<249 


longata through the roots of tlie* vagus and aeeessorv nerves; }>ul those entering 
the accessory nerve leave that nerve by its internal ramus and join the vagus 
(Fig. 178). Hence all of the fibers from this nucleus are distributed through the 
branches of the vagus to the vagal autonomic plexuses of the thorax and ab¬ 
domen tor the innervation of the involuntary musculature of the heart, respira¬ 
tory passages, esophagus, stomach, and small intestines (Van Gchuchten and 
Molhant, 1912), and for the innervation of the pancreas, liver, and other glands. 

There is some topographic representation in the nucleus: abdominal organs are represented 
throughout the nucleus except at its caudal end: tin* oral part is also relate*I to lungs: the caudal 
part is related to trachea, bronchi, and esophagus: the central part of the nucleus is related to 
heart and abdominal organs (Getz and Sirnes. 1919). 


• jo* 
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Figukk 17!). Two types of motor nerve cells from medulla oblongata of lemur: .1. Cells of the 
somatic motor type from the hypoglossal nucleus: It . cells of tin* visceral efferent type from the 
rostral part of tlx* dorsal motor nucleus of the vagus. Toluidine blue slain. (Malone.) 


The*re arc relatively few myelinated sensory collaterals reaching the dorsal 
motor nucleus, and these come in large part from sensory fibers of the second 
order, arising in the receptive nuclei of the trigeminal, glossopharyngeal, and 
vagus nerves. 

The nucleus salivatorius is located in the reticular formation at the junction 
of the pons and medulla oblongata. The exact location of this nucleus is un¬ 
known and its representation in Figs. 174 and 17(1 is to be regarded as purely 
diagrammatic. The more caudal portion, or nucleus saliralorins inferior . sends 
general visceral efferent fibers by way of the glossopharyngeal neri'e to the otic 
ganglion for the innervation of the parotid (/land. The rostral part, or nucleus 
s(dii'olorins superior . sends general visceral efferent fibers to the facial nerve. 
These run from llie* facial nerve through the chorda ii/nipani to the submaxil¬ 
lary ganglion for the innervation of thi* submaxillarij and sublingual saliran / 
(/lands. 

The Edinger-Westplial nucleus is a grp up of relatively small nerve cells 
located in the rostral part of the nucleus of the oculomotor nerve. Here it is 
placed dorsolateral to the median unpaired portion of that nucleus (Figs. 174- 
17(1). This group of small cells has been said to give origin to the general visceral 
efferent fibers of the oculomotor nerve which run to the ciliarv ganglion for the 
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inncrvat ion ol tin* intrinsic muscles of the cijc. The Kdingcr-West plial nucleus 
begins at about the middle of the oculomotor complex and is situated medial 
to the dorsal border of the lateral nucleus (Fig. 175, FAY). II can be traced 
rostrally in this position and then centrally around the rostral end of the lateral 
nucleus to form a ventrodorsallv directed column of colls which has been ca 


the anterior medial nucleus (AM). This has the same structure as the Hdinger- 
W estphal nucleus proper and is considered to be a part of the latter (Brouwer, 
1918). The two nuclei are continuous one with the other and both arc com¬ 



posed of oval or fusiform cells of the general visceral efferent type. It has been 
suggested that the preganglionic outflow to the ciliary ganglion does not arise 
from the Fdinger-Westphal nucleus but from some other cell group in that 
neighborhood. (Benjamin, 1989; While and Smithwick, 1941). 

Szcnlagothai suggested that tin* preganglionic neurons are within the 
oculomotor nucleus and that the midline nuclei are not the visceral efferent 
ones. But Bender and Weinstein found definite pupillary constriction from 
stimulation of cells at tin* rostral end of the oculomotor nucleus corresponding 
to the general position of the nucleus of Fdingcr-Westphal. 


Ncurobiotiixis. The position of (lie motor nuclei of the 
orders ol vertebrates, and is determined by the sonree of 
reach them. Tin* cell bodies of neurons are said to migrate in 
from which they receive impulses (Aricns Kappers, I!) I b 


brain stem varies greatly in different 
the principal afferent impulses which 
tin 4 direction of (In 4 chief fiber tracts 
I!)I7; Black. I!)I7), This orientation 
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has Ik'cii called neurobiotaxis. 1 here is no evidence that this will occur in an individual of a species. 
II true, the principle must have phylogenetic significance. 

Nuclei of Origin and Terminal Nuclei. The efferent nuclei all have this 
in common, that the axons, which take origin from their constituent cells, 
leave the brain through the efferent roots of the cranial nerves. lienee they 
may all be included under the term nuclei of origin. On the other hand, the 
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hna'KE 181. Oblique view of brain stem showing cranial nerves. 

afferent fibers of the cerebrospinal nerves have their cells of origin located out¬ 
side the central nervous system in the cerebrospinal ganglia, with a few excep¬ 
tions. I he known exceptions are the fibers of the first two cranial nerves and 
the fibers from the mesencephalic nucleus of the trigeminal nerve, and possibly 
some proprioceptive fibers of the eye muscle nerves. The other afferent fibers 
of the cranial nerves enter the central nervous system and end by entering 
into synpalic relations with sensory neurons of the second order located m 
terminal nuclei. These are classified .according . to the function of the fibers 
which end in them as visceral afferent and somatic afferent nuclei. 
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Anatom v ok the Nervous System 


THE VISCERAL AFFERENT COLUMN 

All of the visceral afferent fibers of the cranial nerves, except those of the 
first pair, are contained in the facial, glossopharyngeal and vagus nerves. These 
include: (1) the fibers from the taste buds, which, since they mediate the 
special sense of taste, may be called special visceral afferent fibers; as well as 
(2) others from the posterior part of the tongue, and from the pharynx, larynx, 
trachea, esophagus, and thoracis and abdominal viscera, which are known as 
general visceral afferent fibers. The majority of the taste fibers run through the 



Figure 1S-2. Diagram of the trigeminal, facial, and glossopharyngeal nerves showing the course 
of the taste fibers in solid black lines. The broken and dotted lines indicate the course which, ac¬ 
cording to certain investigators, some of the taste fibers are supposed to take: O.O., Gasserian 
ganglion: G.g., geniculate ganglion: G.sp.. sphenopalatine ganglion: g.s.p„ great superficial petro¬ 
sal nerve: A .Joe., the tympanic nerve of Jacobson; X.vid.. vidian nerve; s.s.])., small superficial 
petrosal nerve. (Cushing.) 


seventh (via the chorda tympani and lingual) and ninth nerves, but a few 
reach the epiglottis by way of the tenth (Cushing, 1908; Wilson, 1905; Fig. 


Taste is so closely related in experience to olfactory sensibility that it 
is customary in speech not to distinguish them from each other. But the taste 
buds can be shown in man to respond to substances giving sensations called 
salt, sweet, biller and sour. Specific papillae bearing taste buds that respond 
only to specific tastes can be found by careful exploration. Most of the 
papillae have taste buds responding to more than one taste, but there is some 
areal concentration of these, sweet being more readily perceived on the tip 
of the longin', bitter more posteriorly. Acid is observed more readily from 
stimulus near the margins, as is salt, which can also be received beyond the 
tongue margins. There is a differential of sensitivity for tastes. In a hundred 
cubic centimeters of water the amount of substance required for taste is 
about 0.5 gm. of sugar; 0.25 gm. of salt (NaCl); 0.007 gm. of acid (11 Cl), and 
0.00005 gm. for bitter (quinine). 

All of the general and special visceral afferent fibers, whether contained in 
the seventh, ninth, or tenth nerves, enter the traclus solitarius, within which 
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they descend for varying distances (Fig. 178. yellow). They terminate in a 
column of nerve cells, which in part surround the tract and in part are scattered 
among its fibers. This is known as the nucleus of the trad us solifarius (Figs. 
174. ISO. 183). It is a long slender nucleus, which is best developed at the 
level of the superficial origin of the vagus nerve, where it lies lateral to the 
dorsal motor nucleus of that nerve and some little distance below the floor 
of the fourth ventricle (Figs. 157. 159, ISO. ,‘52.3-331). 'The nucleus extends as 
far craniahvard as the motor nucleus of the trigeminal nerve (Pearson. 1947). 
The fibers from the seventh and ninth nerves terminate in the rostral portion 
of the nucleus, which is. therefore, the part especially concerned with the sense 
of taste, while those from the vagus end in the caudal part. Some of these 
vagus fibers after undergoing a partial decussation terminate in a cell mass, 
the commissural nucleus, which lies dorsal to the central canal in the closed 
part of the medulla and unites the nucleus of the tractus solitarius on one 
side with the corresponding nucleus on the other side (Figs. 174, 817). 

The secondary afferent paths from the nucleus of the tractus solitarius are 
not well known. Since gustatory impulses arouse sensations of taste and the 
afferent impulses from the viscera may be vaguely represented in consciousness, 
there must be a secondary visceral afferent path, but we know very little 
about its location. Allen (1923) has presented evidence indicating that it may 



Florin: 183. Sensory nuclei projected upon a median sagittal section of the human brain stem. 
Horizontal lines, general somatic sensory nuclei; cross-hatching 1 , visceral sensory nucleus; stipple, 
special somatic sensory nuclei. 
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be included in the medial lemniscus. Kohnstamm and Ilindclang (1910) and von 
Momtkow (1919) have described a secondary visceral afferent path which 
arises from the gray matter in and around the tractus solilarius and terminates 
in the thalamus. The fibers arising from the nucleus of the tractus solilarius 
enter the reticular formation, and it is probable that a majority of them are 
distributed to the visceral motor nuclei of the medulla oblongata, including 
the nucleus ambiguus and the dorsal motor nucleus of the vagus. In this way 
ares are established for a large and important group of visceral reflexes. Some 
of these fibers (or associated fibers arising in the adjacent reticular formation) 
descend to the spinal cord and may play an important part in the reflex control 
of respiration and in initiating reflex coughing and vomiting (Figs. 279, 280). 

The Olfactory Apparatus. While classified as special visceral afferent, 
the primary olfactory connections do not belong to the columns of sensory 
nuclei in the brain stem, since they occur in the olfactory bulb, a highly 
specialized portion of the brain placed just above the nasal olfactory mucosa 
on the cribriform plate of the ethmoid bone. The olfactory nerve is the shortest 
of the cranial nerves, running as it does only a few millimeters between olfactory 
mucous membrane and the bulb. The primary sensory neurons are bipolar 
cells incorporated in the nasal epithelium. The peripheral processes of these 
cells act as the receptor endings and are affected by substances carried in the 
inspired air. The endings are extremely sensitive, responding for example to 
one part vanillin in ten million parts of air. Different substances affect olfactory 
endings in different proportions; the mercaplans (odor of skunk) being able to 
stimulate olfactory endings in the greatest dilution (one twenty three millionth 
of a milligram in a liter of air). 

It is not known whether individual olfactory endings respond only to 
specific substances. Odors can be classified into types as being composed of 
fundamentals and “overtones” such as fragrant, burnt, caprylic, acid, etc. By 
selective sniffing with attention to separate components a particular aroma 
can be analyzed, and by recording the relative proportions of each a similar 
complex odor can be approximately synthesized from pure simple ones. Perhaps 
in this direction lies a possible path for analysis of this most significant special 
sense which is bound up with basic feeding reflexes, visceral behavior of many 
kinds, emotional responses and associative memories. 

Primary afferent neurons (bipolar cells) send their central processes through 
the short olfactory nerves to the inferior surface of the olfactory bulb, which 
they enter to synapse in glomeruli formed by dendrites of the mitral cells 
(Figs. 289, 240, 248). The mitral cells whose axons run through the olfactory 
tract also send impulses to the granule layer of the olfactory bulb, which in 
turn reactivates the mitral cells. The phenomenon of summation of the effects 
of successive stimuli in building up negative potential on dendrites at the synap¬ 
tic point of olfactory nerve fibers and the mitral cells may partly explain the 
extreme delicacy of tin* olfactory sense (Clare and Bishop, 1955). Flic second 
neurons in the chain conveving olfaetorv stimuli are the mitral cells whose 
axons pass through the olfactory tracts to several secondary centers (Fig. 248). 
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THE GENERAL SOMATIC AFFERENT NUCLEI 

Exteroceptive Nuclei. The general somatic afferent nuclei receive fibers 
from the skin and ectodermal mucous membrane of the head by way of the 
trigeminal nerve. These have their cells of origin in the semilunar ganglion. 
VYithin the pons many of them divide into short ascending and long descending 
branches (Fig. 184). The ascending branches terminate in the main sensory 



Figure 1S4. Diagram of the nuclei and central connections of the trigeminal nerve: .1. Semi¬ 
lunar ganglion; Ii, mesencephalic nucleus, N. V; C. motor nucleus. X V; I), motor nucleus. X. 
VII; E , motor nucleus, N. XII; F, nucleus of the spinal tract of N. V; G. sensory fibers of the sec¬ 
ond order of the trigeminal path; a, ascending and b , descending branches of the sensory fibers 
X. V; c, ophthalmic nerve; d, maxillary nerve: e, mandibular nerve. (Cajal.) 
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nucleus; the descending branches run through the spinal tract and terminate 
in the nucleus oj the spinal l rad of I he trigeminal nerve. Windle (1920) has 
shown that some of the fibers do not bifurcate, but descend entire into the 
spinal tract. Since these nuclei receive sensory fibers from the skin and ecto¬ 
dermal mucous membrane of the head, they are exteroceptive in function. 
The spinal tract and its nucleus also receive a few cutaneous afferent fibers 
through the facial, glossopharyngeal, and vagus nerves from the skin of the 
external ear (Fig. 178). 

The main sensory nucleus of the trigeminal nerve is located at the level 
of the middle of the pons in the lateral part of the reticular formation some 
distance from the floor of the fourth ventricle (Figs. 1(54, 174, 188). The spinal 
nucleus , with which it is continuous, at first lies deeply under cover of the 
restiform body; but when it is traced caiulally it approaches the surface and, 
covered by the spinal tract, forms the tubcrculum cinereum (Figs. 155, 159). It 
finally becomes continuous with the substantia gclatinosa Rolandi of the spinal 
cord. Thus we have a continuous column of gray matter extending from the 
sacral portion of the spinal cord into the brain stem and ending abruptly in an 
enlargement, the main sensory nucleus of the trigeminal nerve (Figs. 308-349). 
This entire column receives afferent fibers from the skin and belongs to the 
exteroceptive portion of the somatic afferent division of the nervous systems. 
Pain and temperature sensations from the trigeminal area are mediated ex¬ 
clusively by the spinal tract and its nucleus. Probably both the main sensory 
and the spinal nuclei are concerned in tactile sensibility (Gerard, 1923; Sjoqvist, 
1938). 

Through the spinal tract of the trigeminal nerve fibers bearing sensation 
from all three peripheral divisions of the nerve extend toward the caudal end 
of the medulla. The three divisions are represented in a dorsovcntral lamination 
inverse to their distribution in the periphery, i. c., fibers from the mandibular 
lie dorsal to those from the maxillary which are dorsal to those from the 
ophlhalamic division (McKinley and Magoun, 1942). In the cat the fibers from 
the mandibular division play out near the level of the obex while those of the 
other two divisions extend to the first cervical segment of the cord. In man 
fibers from all three divisions seem to extend below the obex, possibly as far 
as the fourth cervical segment (Humphrey, 1952; Torvik, 1950). 

From both clinical and experimental observations on animals it is known 
that touch as well as pain and temperature is conveyed in the spinal tract of 
the trigeminal. Separate paths for pain and for temperature appear to be 
represented and the paths for pain from oral mucous membranes lies medially 
in the tract (Weinberger and Grant, 1942). 

From its eyto-archilcclure the spinal nucleus of the trigeminal nerve can 
be subdivided into three parts, occupying successive regions from the region 
of the main sensory nucleus caudal ward. It appears likely that only the caudal 
portion is concerned with pain and temperature sense from the face (Olszewski, 
1950). 

From the cells of the main sensory and spinal nuclei of the trigeminal nerve 
arise fibers which enter the reticular formation and are there grouped into 
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longitudinal bundles from which collaterals arc given off to the motor nuclei 
of the brain stem (Fig. 184). There are at least two such longitudinal bundles 
in each lateral half of the brain. The ventral secondary afferent path of the 
trigeminal nerve consists for the most part of crossed fibers and is located in 
the ventral part of the reticular formation, close to the spinothalamic tract 
in the medulla, and dorsal to the medial lemniscus in the pons and mesenceph¬ 
alon (Fig. 185). It is composed in large part of long fibers which reach the 
thalamus. The dorsal secondary afferent path of the trigeminal nerve consists 
chiefly of uncrossed fibers and lies not far from the floor of the fourth ventricle 
and the central gray matter of the cerebral aqueduct. It consists in consider¬ 
able part of short fibers (Cajal, 1911: Wallenberg, 1905; Economo, 1911; 



Eigcre 18.3. Diagram to show the location of the secondary sensory tracts of the trigeminal 
nerve (solid black) in the tegmental portion of the rostral part of the pons: B.C., Hraehium con- 
junctivunr, D.T.T.X.. dorsal secondary sensory tract of the trigeminal nerve; L.L .. lateral lemniscus; 
M.L., medial lemniscus; M.L.F ., medial longitudinal fasciculus; V.T.T.N., ventral secondary sensory 


tract of trigeminal nerve. 


Dejerine, 1914). The uncrossed trigeminothalamic pathway has been found to 
arise from cells in the dorsomedial portions of the main sensory trigeminal 
nucleus in the cat (Torvik, 1957). 

The proprioceptive nuclei of the cranial nerves have to do with afferent 
impulses arising in the muscles of mastication and in the extrinsic muscles of 
the eye. The mesencephalic nucleus of the fifth nerve contains large unipolar 
cells of the sensory type (Fig. 82, C ). Fibers arising from this nucleus run 
through the mesencephalic root to join the motor root of the trigeminal nerve 
(Fig. 184) and arc distributed chiefly to the muscles of mastication. Some also 
go to the teeth and palate. They are afferent fibers concerned in the reflex 
control of mastication (Corbin, 1940; Corbin and Harrison, 1940). The mesen¬ 
cephalic nucleus presents an exception to the rule that the afferent fibers of 
the cerebrospinal nerves take origin from cells located outside the cerebrospinal 
axis. This nucleus lies in the lateral wall of the rostral portion of the fourth 
ventricle and in the lateral part of the gray matter surrounding the cerebral 
aqueduct (Figs. 174, 188, 840—300). Cells of J.he mesencephalic nucleus become 
mingled with fibers of the trochlear nerve at its decussation, and fibers of the 
mesencephalic root which extend into-the cerebellum have a few of the mesen¬ 
cephalic cells among them, a situation reminiscent of lower forms. Cells of the 
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mesencephalic nucleus of the fifth nerve may have other than proprioceptive 
function. They vary in size and appearance (Sheinin, 1980; Pearson, 1949). 

The origin of the afferent fibers for the extrinsic muscles of the eye is 
unknown, although we know that such afferent fibers are present in the 
oculomotor, trochlear, and abducens nerves. 


II. as Corbin suggests, the cells of origin are mingled with the cells of the motor nuclei this 
would lorni an interesting exception to the usual pattern of distribution of sensory and motor 
cells in parts derived Irom alar and basal laminae. Tozer and Sherrington found that the sensory 
fibers supplying the extrinsic ocular muscles degenerate along with their neuromuscular and neuro- 
tendinous endings alter section of the oculomotor, trochlear, and abducens nerves. Clumps ol 
ganglion cells have been found along the course of these nerves, but their number is inconstant 
and it is not certain that they give origin to proprioceptive fibers. Perhaps these come from the 
mesencephalic nucleus of the fifth nerve or some other similar nucleus in the brain stem. The cells 
in the mesencephalic nucleus of the trigeminal have in Nissl preparations an appearance very similar 
to that of the cells of the spinal ganglia, but the cells found scattered along the third, fourth, and 
sixth nerves have quite a different arrangement of Nissl granules (Clark. 1920 ). On the other hand 
the proprioceptive terminations within the extrinsic muscles of the eye are much simpler than the 
usual muscle spindle, though they are distributed more widely through the muscles. 

SPECIAL SOMATIC AFFERENT NUCLEI 

The special somatic afferent nuclei are associated with the stato-acoustic 
nerve, which is composed of two divisions. One part, the cochlear nerve, con¬ 
veys impulses aroused by sound waves reaching the cochlea through the outer 
ear and tympanic cavity. Since it responds to stimuli from without, the cochlear 
apparatus subserves exteroceptive functions. The vestibular nerve , on the other 
hand, conveys impulses from the semicircular canals of the ear. These are 
important proprioceptive sense organs and give information concerning the 
movements and posture of the head. Though termed proprioceptive, the 
receptors of vestibular apparatus resemble in fundamental histology those of 
the auditory division of the ear and the lateral line system of lower forms: 
that is, each of these receptors has a specialized epithelium with hair cells in 
contact with a fluid through which pressure waves are transmitted. The range 
of sensitivity in these is of interest. The vestibular apparatus responds to 
gross movements of the head. The lateral line organs respond to frequencies 
as low as 0 per second, and so respond lo waves caused by movement of the 
fish itself, thus aiding it when these are reflected from other objects to find its 
way around in the dark. The cochlea is not sensitive to frequencies as low 
as these but in man audible sounds range from around 14 to <20,000 cycles per 
second. However, in the bal much higher frequencies are perceived and utilized 
to guide the nocturnal animal, which emits supersonic squeaks that are reflected 
Irom nearby objects. 1 he ear and lateral line organs were successful forerunners 
of radar. 

The cochlear nuclei are the terminal nuclei of the cochlear nerve, the fibers 
ol which take origin in the spiral ganglion of the cochlea. This is composed of 
bipolar cells, each having a short peripheral and a longer central process (Fig. 
18b). The peripheral process terminates in the spiral organ of Corti. The central 
process is directed toward the brain in the cochlear nerve. These central fibers 
terminate in two masses ol gray matter, located on the restiform body near 
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tlic point wheie the hitter turns dorsally into the cerebellum (Figs. 1G2, 183, 
328—oob). One of these masses, the dorsal cochlear nucleus , is placed on the 
doisolaleial aspect of the restiform body and produces a prominent elevation 
on the surface of the brain (Fig. 32). The other, known as the central cochlear 
nucleus, is in contact with the ventrolateral aspect of the restiform body. 

A\ithin the spiral organ of Corti a definite gradation of sensitivity to 
different frequencies of sound occurs, the higher pitched sounds being received 
in the more basal turns of the cochlear duet, the lower tones in that portion 
nearer the apex. Specific frequencies are detected by localized parts of the or<*an 
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I-i<;ruE l<S(j. Section of the spiral ganglion and organ of Corti of the mouse 
the spiral ganglion; H, outer hair cells; C, sustentacular 
peripheral branch of a bipolar cell about an inner hair cel 
fCajal.) 
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cells; f), terminal arborization of the 
/, tectorial membrane*. Golgi method. 






ot Corti, and so transmitted by different groups of axons. When electrical 
recording is done from the eighth nerve or the auditory paths in the brain, the 
sounds introduced in the ear can be reproduced within limits by amplification 
of the nerve impulses detected in the neural paths. It can be readily seen, 
however, that since it requires at least half a thousandth of a second for a 
m i \ c fibei to recover from the passage of one impulse sufficiently to be ready 
to transmit another, frequencies much greater than a thousand per second 
cannot be transmitted by a single nerve fiber. It is supposed that groups of 
nei \ e fibei s take part in the transmission ot sounds of high frequenev, successive 
vibrations activating members of the group. in rotation, thus allowing time 
for recovery. The center receiving the impulses has the responsibility for inter¬ 
pretation. Rasmussen (1950, 1053) has traced efferent fibers from the superior 
olivary nucleus of the opposite side to cochlear ganglion and organ of Corti. 
where they run as internal spiral fibers. Their function is unknown, but it was 
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surest 0(1 by Herrick (1048) that these may he involved in efferent discharge 
to a receptor that has boon excited by peripheral stimulus. 

Secondary Auditory Path. Experimental studies of the auditory pathway 
in the monkey show that three bundles of fibers extend from the cochlear 
nuclei toward the opposite side. From the dorsal cochlear nucleus a dorsally 
placed stria runs beneath the floor of the fourth ventricle below the level of 
the medial longitudinal fasciculus. From cells of the ventral cochlear nucleus 
an intermediate stria extends over the resliform body and transversely through 
the reticular formation, and a more conspicuous bundle known as the trapezoid 



body runs ventral to tin* reslilorm body and medialward in the vential pait 
of the pars dorsalis pontis (Figs. 1(>‘>, 18/). On reaching the lateral boidei 
of the opposite superior olivary nucleus, the fibers turn roslrally as a compact 
bundle known as the lateral lemniscus (Mgs. 11)4, 1(H), 188). 

Mimdcd with the fibers of the trapezoid body are nerve cells constituting 
nuclei, which receive fibers from the contralateral cochlear nuclei that end m 
synapses formed like a calyx. Many fibers from the cochlear nuclei ot each side 
reach each superior olivary nucleus. The lateral part of each superior olive 
sends fibers upward by way ol the lateral lemniscus of both sides, the medial 
part projects upward homolaterally, but the cells of this part receive impulses 
from both ears (Stollcr, 11)58). On reaching the mesencephalon many fibers ot 
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the lateral lemniscus terminate in the inferior colliculus; others extend to the 
medial geniculate body, a few of which were contributed by the homolalcral 
superior olivary nucleus. From the medial geniculate body fibers arise which 
P a >s to the cerebral cortex. A homolateral acoustic pathway is provided by 
connection of fibers trom the cochlear nuclei to the homolalcral superior 
olivary nuclei and thence to the homolateral inferior colliculus. While there 
arc fibers crossing at the inferior colliculus, these are probably for integration 
of activity at this level (Barnes, Wagoun, and Hanson. 1943; Ades and Brook- 
hart, 19.50). 

The vestibular apparatus consists of the three semicircular canals, the saccu- 
lus and the utriculus. At each end the canals join the utriculus. The sacculus is 
also connected with the utriculus and with the auditory portion of the mem¬ 
branous labyrinth of the internal ear, the cochlear duct. Within the ampulla 
on each semicircular canal is a small patch of hair cells (crista acustica) related 
to peripheral endings of divisions of the vestibular nerve. A similar but larger 
patch of hair cells (macula acustica) occurs in the utricle and in the saccule. 

Stimulation of one of these specialized endings by alteration of the position 
of the head (or by mechanical direct stimuli) results in changes in the tone 
of muscles of the body and limbs in such a way as to adjust the body position, 
the general pattern of adjustment being such that it would tend to restore the 
body to proper orientation with the force of gravity. Similar shifts in the 
tension of muscles occur when the body of an animal is pushed out of its 
normal position, or rotated in some plane. The movements altering the posture 
in response to the changed position are termed compensatory. 

^ hen an animal is rotated slowly, the eyes tend to maintain their fixation 
on the original field and so deviate in the direction opposite to that of rotation. 
When their limit of deviation is reached, the eyes quickly move back to the 
other extreme, fix on an object in the field ot vision and deviate again m the 
slow movement, this is termed nystagmus. It the body is rotated more rapidly 
the eyes may stay fixed in extreme deviation during rotation, but, when 
rotation ceases, there follows a series of eye movements (after-nystagmus) 
opposite in character to the original ones. That is, the eyes behave as if the 
body were slowly rotating in the opposite direction from that just experienced. 
Though not the primary movement, the nystagmus receives its name (right, 
left, up, or down) from the direction ot the quick component. 

Impulses apparently pass constantly along the vestibular nerve from 
individual semicircular canals, even in the resting condition. Canals on opposite 
sides reinforce the activity of each other. When an animal is rotated in the 
plane of the horizontal canal, there is a facilitation of the impulses discharged 
when rotation is toward the side from which the recording is made, and 
inhibition of impulses when rotation is in the opposite direction. According 
to Szentagothai (19,50), there appears to>be a functional relation between a 
given crista and two of the extraocular muscles. The crista of the superior 
canal is especially related to the superior rectus muscle of the homolateral 
eye and the inferior oblique of the contralateral eye; the crista of the posterior 
canal is related to the homolateral superior oblique and the contralateral 
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inferior rectus; the crista of llie horizontal canal to the homolateral medial 
rectus and the contralateral lateral rectus. The reflex pathway Ik* tween the 
crista and the primary motor neuron to the eye muscle is said to he made of 
three neurons, and involves the medial longitudinal fasciculus. 

The Vestibular Nuclei. The fibers of the vestibular nerve take origin from 
the bipolar cells of the vestibular ganglion located in the internal auditory 



Ficm'KK ISS. The vestibular ganglion and the termination of the peripheral branches of its 
bipolar cells in a macula acuslica: A, Hair cells and It. suslenlacular cells ol the macula; I), terminal 
arborization of the peripheral branches ol the bipolar cells ol the vestibular ganglion ((>) about the 
hair cells of the macula; l\ facial nerve; /f, central branches of the bipolar cells directed toward the 
medulla oblongata. 7 . Mouse. (»olgi method. (C ajal.) 


meatus (Fig. 188). The cochlear and vestibular divisions ol the acoustic nerve 
separate at the ventral border of the resliform body. Here the vestibular nerve 
penetrates into the brain, passing between the resliform body and the spinal 
tract of the trigeminal nerve toward the vestibular area of the rhomboid 
fossa. Under cover of the vestibular area the fiber's divide into short ascending 
and longer descending branches (Fig. 189). Ill ere may be enumerated 
five cellular masses within which these fibers terminate, namely: (1) the medial 
or 'principal nucleus , (2) the descending or sjnnal nucleus . (8) the superior 
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nucleus of Bechlercw, (4) the lateral nucleus of Dciters, and (5) the cerebellum 
(Figs. 188. 189). 

The medial . principal . or dorsal reslibular nucleus is very large. It lies s111 >- 
jaeenl to the major portion of the vestibular area and belongs, therefore, to 
both the pons and the medulla oblongata (Figs. 8.8. 159. l(i c 2, 8 t 24—885). It ean be 
followed in serial sections as far as the rostral extremity of the nucleus gracilis. 
The gray matter, associated with the descending branches from the vestibular 
nerve, lies on the medial side of the inferior cerebellar peduncle, and constitutes 
the spinal or descending restibular nucleus (Figs. 808, 811, 88 c 2). The lateral 



reslibular nucleus of Dciters is situated along the course ot the vestibular nerve 
within the pons and also at the point where the vestibular nerve fibers begin to 
branch close to the inferior cerebellar peduncle (Figs. 1(!2, 885—840). It is com¬ 
posed of large multipolar cells. Directly continuous with the medial and lateral 
nuclei is a mass of medium-sized cells, the superior restibular nucleus ot 
Bechlerew, located in the floor and lateral wall of the fourth ventricle at the 
level of the abdueens nucleus and extending rostrally as far as the caudal 
border of the main sensory nucleus of llioljrigcmiiinl nerve (Figs. 1(58 , 889-84(1) 
(Weed, 1914). 

Some of the ascending branches of the vestibular nerve run to the cere¬ 
bellum. These are joined by cerebellipetal fibers arising in the superior vestibular 
nucleus and probably also by some from the lateral vestibular nucleus. Together 
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tlu *se ascending fibers form lho restibuloccrcbellar fasciculus which lies on the 
medial side of Iho inferior cerebellar ix'duncle ((Figs. H>8, 1 HI)). 

Secondary Vestibular Paths. Besides I lie fibers to the cerebellum men¬ 
tioned in th<‘ preceding paragraph two important tracts of fibers take origin 

in the vestibular nuclei. One of these was encountered in the studv of the 

i 

medial loni/iiudmal bundle. Cells in the superior, spinal, and medial vestibular 
nuclei give rise to fibers which run to the medial longitudinal fascicle, and 
through it reach the motor nuclei of the ocular muscles (Fig. 189). In this way 
there is established an arc, which makes possible the* reflex response of the 
eye muscles to afferent impulses arising in the vestibule and semicircular 
canals ot the ear. The other bundle was considered in connection with the 
spinal cord as the vestibulospinal tract , the fibers of which take origin from the 
cells ot the lateral nucleus and descend into the anterior funiculus of the same 

side ot the cord. These fibers serve to place the primary motor neurons of the 

spinal cord under the reflex control of the vestibular apparatus. No tract to 
the thalamus is known. However, Aronson precipitated seizures in animals by 
whirling after painting the cerebral cortex with strychnine in an area near 
the lateral fissure which by other evidence received vestibular impulses, and 
cortical representation of the vestibular apparatus has been demonstrated 
in the cat. 

The course of the secondary vestibular fibers in the medial longitudinal fasciculus has been 
investigated by (iray (19-2(>). Rasmussen (1932), and Buchanan (1937) with results which are on 
the whole concordant, tigure 1<39 presents the origin and course of those fibers concerning winch 
at least two ol these authors are in agreement. From the superior vestibular nucleus fibers ascend 
in the fasciculus ol the same side. From the medial nucleus fibers cross the midline and divide 
into ascending and descending branches in the fasciculus of the opposite side. From the descending 
nucleus, fibers cross and run downward in the opposite fasciculus. 

THE VISUAL APPARATUS 

While Ihe eye develops as an evaginalion of Iho diencephalon and the 
optic nerve has Ihe same embryonic origin and mature histologic structure as 
a pathway ot the central nervous system, it is customary to refer to the optic 
nerve as a cranial nerve. It, however, contains the axons of the third neuron 
in the visual path counting the receptive elements, the rod and cones, as the 
primary afferent neurons. According to Bruesch and A rev (19T2), 88 per cent 
of all the fibers entering or leaving the central nervous system are in the optic 
nerve. In man the optic nerve contains a million fibers which are all myelinated, 
though unmyelinated fibers are numerous in Ihe optic .nerve of lower forms 
and even of some mammals. The ratio of ganglion cells of the retina to optic 
nerve fibers is one to one. 

The retina presents tor consideration three layers of superimposed nervous 
elements: (1) the* visual cells, (<2) the bipolar cells, and (8) the ganglion cells 
(Fig. 190). Those, with some horizontally arranged association neurons and 
supporting elements, form the nervous portion of the retina and art* derived 
from Ihe inner layer of the optic cup. 'The pigmented stratum of the retina 
is derived from l lit' outer layer of I lit* cup. 

’The visual cells arc bipolar elements, whose perikarya are located in the 


Tin-: Cranial Nerves and Their Xitlei 


2(>5 


outer nuclear layer (Fig. 190). Each presents an external process in the form 
of a rod or cone , so differentiated as to respond to photic stimulation and thus 
to serve as a visual receptor. The other process terminates in the outer molecular 
layer in relation to processes from the bipolar cells. These latter elements have 
their perikarya in the inner nuclear layer and branches in the inner and outer 
molecular layers. The ganglion cells send their denrites into the inner molecular 
layer , where they are related to the inner branches of the bipolar cells, while the 
axons form the innermost stratum of the retina, the stratum oytieum , through 
which they enter the optic nerve. The nerve also contains miiiic efferent fibers 
which terminate in the retina (Arcv, 1910). It will be apparent from Fig. 190 
that the visual cells arc the receptors and neurons of the first order in the 
optic path. 'The impulses are transmitted through the bipolar cud Is to the* 
ganglion cells, whose axons, in turn, carry them by way of the optic nerves 
to the superior colliculus, pretectal region, and lateral geniculate body. V he 
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Fiona; 100. Schema lie representation of the retina and the connections established by the optic 

nerve fibers. 


rods are more sensitive to low intensities of light and serve in twilight vision. 
When the light is adecpiate the coin's are the more efficient receptors. They are 
responsible for sharp vision and for color discrimination. 'The cones alone are 
present in the fovea where vision is the sharpest and sensibility to color at 
the maximum. 'The part of the retina responsible tor central vision is the 
macula lutca. It is located a little to the temporal side of the posterior pole. 

Within the retina the details of connections of neurons, as worked out 
minutely by Polyak (1941), show a variety of relationship of the rod and cone 
receptor units to tin* bipolar cells and the latter to the ganglion cells. While 
there are single synaptic relations between some cones and bipolar units, 
several rods may synapse with one bipolar cell, and in some instances both 
rods and cones synapse with the same bipolar cell. The original work should 
be consulted for details. The significant *pjoinl is made that the connections 
allow means of intensifying the original stimuli, as well as minute accuracy 
in the visual patterns. 

Numerical relationships of rods and cones to fibers of the optic nerve 
become interesting in relation to the way the retina functions. In the human 
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optic* nerve there jut about' one* million nerve fibers, the processes of the 
i»nno*lion cells of the* retina, which must carry Jill the visual information to the 
1 >r;iin. But there are ;i million cones and about .‘>7 million rods which supply 
them with stimuli. 

My carol ill incnsnromcnls and appropriate calculations, Ilcolil (11)44) lias I icon able to state 
that as lew as live to viglil quanta ol light can activate the retina, with this amount ncling over 
an area containing as many as .>00 rods. It appears probable from the photochemical equivalent 
theory that one quantum acts upon one rod. and the necessity lor .> to S rods being activated 
in list lie in central interpretation, that many impulses being* received from a small area being 
more than the brain might accept as random phenomena without retinal stimulation. 



Figuhb 101. A, Diagram showing* why destruction of one optic tract causes blindness in both 
eves lor the opposite lateral half of tin* field of vision. B. Schematic representation of the optic 
pathways. 


The Optic Chiasma and Optic Tracts. The optic* nerve emerges from the 
bulbus oculi ;it (he n;is;d side of tin* posterior polo and, after entering the 
cranium through the optic foramen, unites with its fellow of the opposite side 
to form the optic chiasma, in which ;i partial decussation of the fibers takes 
place (Fig. 101). Beyond the decussation fibers from both retinae arc continued 
in each of tin* optic tracts. In the chiasma the fibers from the two optic nerves 
are so distributed that each trad receives the fibers from I Ik* lateral half of 
the retina of its own side and those from the medial half of the opposite retina. 
Tlie optic trad partially encircles the cerebral peduncle and runs to the lateral 
(jeuiculate body, the pretectal region, and to the superior colliculus of the 
corpora (piadrigemina (Burris, Ingram, and Hanson. 1035). 

The ventral and dorsal supraoptic decussations are bundles of fibers which 
ascend from the brain stem and which cross tin* midline in close relation to 
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the dorsal border ot the optie ehiasma to reaeli various parts of the forebrain 
and midbrain of the opposite side. It is now well established that the com¬ 
missure of Gudden, which was supposed to unite the two medial geniculate 
bodies, does not exist (Magoun and Hanson, 194-2). 

Bishop and O'Leary (1910) point out that the larger fillers in the optic* nerve go to the lateral 
geniculate hodv relaying impulses to the cortex; and that Because of the difference in size, and 
so the speed of transmission of impulses, there would be time for visual impulses to reach the 
cortex and be relayed to midbrain centers by corticoteetal fibers before the slower travelling im¬ 
pulses over smaller fibers reach the midbrain directly from the retina. 

The pretectal region is the zone of transition between the thalamus and 
tectum. It is situated lateral to the posterior commissure and rostral to the 
superior colliculus. The optic fibers which subserve the pupillary light reflex 
enter it and bilateral lesions of this part of the brain abolish the reflex (Ramson 
and Magoun, 1933; Magoun and Hanson, 1935). The superior colliculus is not 
conca iin d with pupillary reactions but is responsible tor somatic optic reflexes, 
such as movements of the head and eyes in response to visual, auditory, and 
exteroceptive stimuli. Here, however, visual connections are dominant. 

Cei tain topographic relationships are ot interest in the optic connections. 
I he moie rostral and medial parts of the superior colliculi are concerned with 
impulses arising from objects in the upper part of the visual fields, the caudal 
and caudolateral portions with impulses from the lower part of the visual fields. 
Clinical eases of pineal tumor give evidence that the rostral portions of the 
superior colliculi are involved with upward conjugate movements of the eyes, 
a mo\ t ment ehaiacteristic of response to stimuli in the upper fields ot vision. 
Parts of the oculomotor nuclei are related rostrocaudally with corresponding 
regions of the superior colliculi. 

1 he Geniculocalcarine tract. 1 he lateral geniculate body receives impulses 
from the retina by way of the optic nerve and relays them to the cerebral 
cortex where they give rise to visual sensation. It is connected with the striate 
area or visual cortex (Fig. <259) by the geniculocalcarine tract. Many of the 
fibers of this bundle are at first directed forward and lateralward from the lateral 
geniculate body above the inferior horn of the lateral ventricle, and then, 
bending latcialward through the sublenticular part of tin* internal capsule and 
finally backward, they run through the external sagittal stratum of the temporal 
and occipital lobes to the striate area of the* occipital cortex (Figs. 19*2, 399- 
401). 1 he inlei nal sagittal stratum was lormerly thought to contain visual 
fibers and was often designated as the optic radiation, but it is now known 
that the geniculocalcarine fasciculus contains all of the visual fibers and that this 
bundle occupies the external sagittal stratum (Poliak, 193<2; Harris, Ingram, 
and Hanson, 1935). 

Hemianopsia. 1 he significance ot the partial decussation in the ehiasma 
is made clear by Figs. 191, 193. The propeutjes of the refracting media of the 
eyes are such that images ot objects to the right of the axis of vision are pro¬ 
duced on the nasal side of the right retina and.the temporal side of the left 
retina. And, because of the manner of decussation of the optic nerve fibers, 
impulses from both these sources reach the visual area of the left cortex. In the 
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same way the visual cortex of the right side receives impressions from objects 
to the left of the axis of vision. That is to say, the sensory representation ot 
the outer world in the cerebral cortex is contralateral in the ease of sight just 
as it is in the ease of cutaneous sensations. Furthermore, it will be evident 
that, while destruction of one optic nerve causes total blindness in the cor¬ 
responding eye, destruction of one optic tract, lateral geniculate body, or 
geniculocalcarine fasciculus, or the visual cortex of one hemisphere, will pro- 
duce blindness in both eyes for the opposite lateral half of the field of vision. 

The course of impulses from the retinal quadrants to the visual cortex 
and their distribution within it is shown in Fig. 193. The left lateral geniculate 



Figure 192 . The geniculocalcarine tract. (Cushing.) 


body is illustrated receiving fibers from the left sides of both retinae and 
sending fibers to the visual cortex of the left hemisphere. From the upper nasal 
quadrant of the right retina and the upper temporal quadrant of the left 
retina, libers go to the medial part of the left lateral geniculate body and from 

there fibers go to the upper part of the left visual cortex. From the lower 

nasal quadrant of the right retina and the lower temporal quardrant of the left 
retina, libers go to the lateral part of the left lateral genciulate body and from 

there libers go to the lower part of the left visual cortex. These statements 

hold for the macular as well as the peripheral portions of the retinal quadrants. 
The fillers from the upper quadrants occupy the upper part ol the cross-section 
of the optic nerve, but in passing through the optic chiasma they undergo a 
partial rotation so that within the optic tract they lie medially and interiorly. 

In the visual cortex and in the geniculocalcarine tract, as the fibers pass 
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back through the temporal lobe and into the occipital lobe, lhe representation 
of the upper quadrants lies above that for the lower quadrants. The fibers 
from the maculae occupy central positions within the optic nerves and optic 
tracts. They end in the superior and posterior part of the lateral geniculate 
body, whence the impulses from the maculae are relayed to the posterior part 
of the visual cortex. 


Parieto-occi pilotfissure 



Figure 11)3. Diagram of the optic pathway showing the course of visual impulses Iroin the lelt 
halves of both retinae through*-the lelt lateral geniculate body to the visual cortex ol the lelt hemi¬ 
sphere. A. Line representing plane along which section B was cut. (Redrawn alter Rasmussen: 
The Principal Nervous Pathways. The Macmillan Company.) 


SUMMARY OF THE ORIGIN, COMPOSITION, AND CONNECTIONS OF THE 

CRANIAL NERVES 

The olfactory nerve, the nervus terminalis, and the vomeronasal nerve, 
which have not yet been considered in detail, have been included in this 
summary for the sake of completeness. 

The nervus terminalis is a nerve which arises from the cerebral hemisphere 
in the region of the medial olfactory tract or stria. It is closely associated 
with the olfactory nerve and its fibers run to the nasal septum (Fig. 7). The 
origin, termination, and function of its.component fibers are not yet understood 
(McKibben, 1911; Huber and Guild, 1913; McCotter, 1913; Johnston, 1914; 
Brookover, 1914, 1917; Larsell, 1918, 1919). Since it was unknown at the time 
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the cranial nerves \vei*(‘ first enumerated, it hears no numerical designation. 
The nervns l(*rminalis has scattered ganglion cells along it and is considered 
to he related to vasomotor control in the region of the nasal septum supplied 
by it. 

The nerve to the vomeronasal organ (Jacobson) is connected with the 
acccssorv olfaclorv bulb ccntrallv, which in turn connects with the amygdaloid 
nucleus. Sinclair (1951) has described a ganglion of some size lying on the 
dura at the edge of the cribriform plate. The function of this is not known. 
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Figure 194. Frontal section through the hypophysis and cavernous sinus showing the relation¬ 
ships ot five cranial nerves and the internal carotid artery to these structures. The carotid artery 
is surrounded in this part ol its course by the cavernous sinus. (After Cunuingham-Robinson.) 


I. Olfactory Nerve. Superficial origin from the olfactory bulb in the form 
of a number of fine fila which separately pass through the openings in the 
cribriform plate. It is composed of special visceral afferent fibers with cells of 
origin in the olfactory mucous membrane. The fibers terminate in the glomeruli 
of the olfactory bull). 

II. Optic Nerve. Not a true nerve, but from the standpoint of both its 
structure and development, a fiber tract of the brain. Superficial origin, from 
the optic ehiasma, or after partial decussation, from the lateral geniculate 
body, and superior colliculus. Component libers; special somatic afferent— 
exteroceptive; origin, ganglion cells of the retina; terminations in the lateral 
geniculate body, and superior colliculus. The fibers from the nasal half of each 
retina cross in the optic ehiasma. 

It h as been demonstrated by Arey that there are also efferent fibers in 
the optic nerves ot fishes which control the movement of the retinal elements 
in response to light. 

lir. Oculomotor Nerve. Superficial origin from the oculomotor sulcus on 
the medial aspect of the cerebral peduncle. Composition: 

1. Somatic Ekfkkknt Fionas. Cells of origin in the oculomotor nucleus 
of the same and to a less extent of the opposite side (Fig. 175). Termination in 
the extrinsic muscles of the eye except the superior oblique and the lateral 
rectus. 
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2. General Visceral Efferent Filers. Cells of origin in the Edingcr- 
Wcstphal nucleus. Termination in the ciliary ganglion, from the cells of which 
postganglionic fibers run to the intrinsic muscles of the eye. 

<>. General Somatic Afferent Fibers. Proprioceptive fibers for the eye 
muscles. 

IV. Trochlear Nerve. Superficial origin, from the anterior medullary 
velum. Composition (Fig. 173): 

1. Somatic Efferent Fibers. Cells of origin in the trochlear nucleus; 
decussation in the anterior medullary velum; termination in the superior 
oblique muscle of the eye. 

2. General Somatic Afferent Fibers. Proprioceptive fibers for the 
superior oblique muscle. 

Y Trigeminal Nerve. Superficial origin from the lateral aspect of the 
middle of the pons by two roots; the portio major or sensory root and the 
portio minor or motor root. Composition (Fig. 173); 

1. General Somatic Afferent Fibers. A. Exteroceptive: Cells of origin 
in the semilunar ganglion (Gasserii), chiefly unipolar with T-shaped axons, 
pcnpheial branches to skin and mucous membrane of the head, central branches 
b\ way of the portio major to the brain. Termination in the main sensory 
nucleus and nucleus of the spinal tract of the trigeminal nerve. 

2. General Somatic Afferent Fibers. B. Proprioceptive; Cells of origin 
probably located in the mesencephalic nucleus of the fifth nerve. Fibers by 

way of the portio minor, distributed as sensory fibers to the muscles of 
mastication. 

o . S rectal \ isceral Efferent Fibers. Cells of origin in the motor 
nucleus of the fifth nerve. Fibers by way of the portio minor and the mandib¬ 
ular nerve to the muscles of mastication. 

VE Ahducens Nerve. Superficial origin from the lower border of the pons 
just rostral to the pyramid. Composition; 

T Somatic Efferent Fibers. Cells of origin in tin* ahducens nucleus; 
termination in the lateral rectus muscle of the eye. 

2. General Somatic Afferent Fibers. Proprioceptive fibers for the 
lateral rectus muscle. 

\ II. Facial Nerve and Nervus Intermedins. Superficial origin from the 
lateral part of the lower border of the pons separated from the flocculus by 
the eighth nerve. Composition (Fig. 173): 

1. General \ isceral Afferent Fibers. Cells of origin m the ganglion 
gcniculi. The peripheral branches run through the branches of the facial nerve, 
supplying deep sensibility to the face. The central branches run by way of 
the nervus intermedins to the traetus solitarius and end in the nucleus of that 
tract, or perhaps they enter the spinal tract of the trigeminal and end in its 
nucleus. In the latter case it would be proper to question their classification 
as visceral. 

2. Special Visceral Afferent Fibers. Cells of origin in the ganglion 
gcniculi. The peripheral branches run by way of the chorda tympani and 
lingual nerves to the taste buds of the anterior two-thirds of the tongue. The 
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central branches run by way of the norvus intermedins to the tract us solitarius 
and (aid in tin* nucleus of that tract. It is probable that the taste fibers 
terminate in the rostral part of this nucleus. 

3. General Visceral Efferent Fibers. Cells of origin in the nucleus 
salivalorius superior, These fibers run by way of the nervus intermedins, facial 
nerve, chorda tympani, and lingual nerve to the submaxillary ganglion tor the 
innervation of the submaxillary and sublingual salivary glands. 

4. Spec ial Visceral Efferent Fibers. Cells of origin in the motor nucleus 
of the facial nerve. These fibers run by way of the facial nerve to end in the 
superficial musculature of the face and scalp, and in the platysma, posterior 
bellv of the digastric, and stvlohvoid muscles. 

VIII. Stato-acoustic Nerve. Superficial origin from the lateral part of the 
lower border of the pons near the flocculus. Consists of two separate parts 
known as the vestibular and cochlear nerves. 

The Vestibular Nerve. The component fibers belong to the .special .somatic 
afferent group and are proprioceptive. Cells of origin, in the vestibular gan¬ 
glion, are bipolar. Their peripheral branches run to the semicircular canals, 
utricle, and saccule. Their central branches terminate in the medial, lateral, 
superior, and spinal vestibular nuclei. Some of them run without interruption 
to the cerebellum. 

The Cochlear Nerve. The component fillers belong to the special somatic 
afferent group and are exteroceptive. Cells of origin, in the spiral ganglion of 
the cochlea, are bipolar. Their peripheral branches end in the spiral organ of 
Corti. Their central branches terminate in the ventral and dorsal cochlear nuclei. 

IX. The Glossopharyngeal Nerve. Superficial origin, from the rostral end 
of the posterior lateral sulcus of the medulla oblongata in line with the tenth 
and eleventh nerves. Composition (Fig. 173): 

1. General Visceral Afferent Fibers. Cells of origin in the ganglion 
petrosum: peripheral branches form the general sensory fibers to the pharynx 
and posterior third of the tongue; central branches run to the tractus solitarius 
and its nucleus. 

c 2. Special Visceral Afferent Fibers. Cells of origin in the ganglion 
petrosum; peripheral branches to the taste buds of the posterior third of the 
tongue, central branches to the tractus solitarius and its nucleus. 

3. General Visceral Efferent Fibers. Cells of origin in the inferior 
salivatory nucleus; fibers run to the otic ganglion, from the cells of which post¬ 
ganglionic fibers carry the impulses to the parotid gland. 

4. Special Visceral Efferent Fibers. Cells of origin in the nucleus am- 
biguus. Termination in the stylopharvngeus muscle. 

X. Vagus Nerve. Superficial origin from the rostral part of the posterior 
lateral sulcus of the medulla oblongata in line with the ninth and eleventh and 
just caudal to the ninth. Composition (Fig. 173): 

1. General Somatic Afferent Fibers. Cells of origin in the ganglion 
jugulare; peripheral branches to the skin of the external ear by way of the 
ramus aurieularis; central branches to the spinal tract of the trigeminal nerve 
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and its nucleus. According to Herrick, some of the fibers from the external ear 
run by way of the glossopharyngeal nerve also. 

2. General Visceral Afferent Fibers. Cells of origin in the ganglion 
nodosum: peripheral branches run as sensory fibers to the pharynx, larynx, 
trachea, esophagus, and the thoracic and abdominal viscera: central branches 
run to the tractus solitarius and terminate in its nucleus. 

3. Special Visceral Afferent Fibers. Cells of origin in the ganglion 
nodosum; peripheral branches to the taste buds of the epiglottis probably by 
wav of the internal larvngeal nerve: central branches run to the tractus solitarius 
and terminate in its nucleus. 

4. General Visceral Efferent Fibers. Cells of origin in the dorsal motor 
nucleus of the vagus. Fibers run to the autonomic ganglia of the vagal plexuses 
for the innervation of the thoracic and abdominal viscera. 

5. Special Visceral Efferent Fibers. Cells of origin in the nucleus am- 
biguus. Termination in the striated musculature of the pharynx and larynx. 

It will be noted that the facial, glossopharyngeal, and vagus nerves each 
contain general and special visceral afferent and general and special visceral 
efferent fibers. 

XI. Accessory Nerve. Superficial origin from the posterior lateral sulcus 
of the medulla oblongata caudal to the ninth and tenth and from the lateral 
aspect of the first five or six cervical segments of the spinal cord. Composition 
(Fig. 173): 

1. General Visceral Efferent Fibers. Cells of origin in the dorsal motor 
nucleus of the vagus. Fibers run in the bulbar rootlets and then by way of the 
internal ramus of the accessory to join the vagus, and end in the autonomic 
plexuses, associated with the vagus nerve, for the innervation of thoracic and 
abdominal viscera. 

2. Special Visceral Efferent Fibers. These fall into two groups: A, 
fibers whose cells of origin are located in the nucleus ambiguus, and which run 
by way of the internal ramus of the accessory to join the vagus and are dis¬ 
tributed through it to the striated muscles of the pharynx and larynx: B, fibers 
whose cells of origin lie in the lateral part of the anterior gray column of the 
first five or six cervical -segments of the spinal cord, and which ascend in the 
spinal root of the accessory nerve and then run in its external ramus to end 
in the trapezius and the sternocleidomastoid muscles. 

XII. Hypoglossal Nerve. Superficial origin from the anterior lateral sulcus 
of the medulla between the pyramid and the olive. It is composed of somatic 
efferent fibers, whose cells of origin are located in the hypoglossal nucleus and 
whose termination is in the musculature of the tongue. According to Langworlhy 
(1924), this nerve also carries the proprioceptive fibers for the tongue. Scattered 
cells having the shape of sensory neurons occur along the hypoglossal nerve fibers 
within the medulla, and in the embryo a ^ganglion (Froricp) lies on a kind of 
dorsal root to the hypoglossal. This ganglion at limes persists in tin* adult in 
lower forms, but it is not sufficiently constant to account for all the propriocep¬ 
tive fibers to the tongue (Pearson, 194a). 
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The cerebellum, like the other specialized accumulations of neurons, the 
tectum and the cerebral cortex, is applied to the main axis of the central ner¬ 
vous system as a suprasegmental structure. It receives great bundles of afferent 
fillers bringing impulses to it from spinal cord, medulla, pons, mesencephalon, 
and cerebrum, and from its central nuclei pass efferent fibers to each of these 
regions. Newer knowledge of cerebellar connections in higher vertebrates, which 
is accumulating rapidly, is emphasizing that many afferent paths other than 
those from proprioceptive endings and vestibular apparatus reach the cerebel¬ 
lum, a fact long recognized in lower forms. The full significance of its many 
connections must await further investigation, although like other suprasegmental 
accumulations, the cerebellum must aid in modifying the response to stimulus 
at a segmental level based on whatever “information" there is available to it 
at the time from all sources. 

The cerebellum is primarily concerned with synergy in the action of volun¬ 
tary muscles, which implies widespread action at one time, since the mere shift¬ 
ing of the weight from oim foot to the other necessitates adjustment of muscles 
in all parts of the body. This implies that proprioceptive information from the 
entire bodily musculature, as well as exteroceptive impulses giving details of 
the environment both near and at a distance, must be brought into use simul¬ 
taneously by the cerebellum and that the action of the cerebral motor centers 
in setting off activity of voluntary muscles must be synchronized with the 
action of the cerebellum. The structure of the cerebellum should therefore allow 
for complete connection with sources of proprioceptive and other information 
throughout tin* body, equally intimate connection with higher centers in the 
cerebrum concerned with motion, and an internal mechanism for correlating all 
incoming influences and sending out properly integrated impulses to the entire 
bodily musculature at one time if necessary. There is evidence also of cerebellar 
influence upon certain visceral structures which are controlled by the action 
of smooth muscle. 

Although complete answers to them are not available, the problem set in 
the study of the cerebellum can be expressed in the following questions, which 
incidental!v arise in relation to most structures in the brain that mav be under 
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.scrutiny. What tracts bring impulses to the cerebellum from what sources? What 
tracts carry impulses from the cerebellum to what destinations? What is its 
internal structure, i. e., the connection of incoming and outgoing fibers? With 
what functions is the cerebellum concerned? Can local portions of the cerebel¬ 
lum be assigned specific responsibilities in its functioning? 

Jn order to attempt even partial answers to these questions some details of 
structure are necessary, and as they are examined it is helpful to keep in mind 
that the key to functional principles is often found in the details of morphology. 

Structure of the Cerebellum. The cerebellum differs from the spinal cord 
in that the relative position of the gray and white matter is reversed. The gray 
substance forms a thin superficial layer, the cerebellar cortex, which covers a 
central white medullary body (corpus medullare). Originally the cerebellar plate 
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Figcrk 19.) . Sagittal sections of the human cerebellum: A, Passes through the hemisphere and 

dentate nucleus; II, through the vermis in the median plane. 

is formed, like other parts of the neural tube, of an ependymal, a nuclear or 
mantle, and a cell-free marginal zone. The neuroblasts of the mantle zone take 
only a small part in the formation of the cortex, but become grouped in the 
internal nuclear masses of the cerebellum. The superficial or marginal zone is at 
first devoid of nuclei: most of the neuroblasts, from which the cerebellar cortex 
is differentiated, migrate into this zone from the rhombic lip. These developing 
neurons send their axons inward instead of outward as in the case of the spinal 
cord. These axons accumulate, along with others which cuter the cerebellum 
from without, in the deep part of the marginal layer and form the central 
medullary body of the cerebellum, separating the developing cortex from the 
deep nuclear masses that arc differentiated from the mantle layer (Dowd, 1020). 

As the mass of the cerebellum is attained in its growth, certain fissures ap¬ 
pear which separate portions of the cortex*into lobulations having functional 
significance. The first to appear is not the primary fissure but the fissura postero- 
latcralis , which separates the flocculonodular lobe'from the rest of the cerebellum 
termed corpus ccrcbclli. The fissura prima next appears and divides the corpus 
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ccrebclli into anterior and posterior lobes. The further details of developmental 
change have been followed m several sj)eeies and lound to conlorm to a com¬ 
mon pattern (Larsell, 1954). 

The while medullary body forms a compact mass in the interior and is 
continuous from hemisphere to hemisphere through the vermis, within which, 
however, it is smaller than in the hemispheres (Fig. 195). As is most readily 
seen in sagittal sections through the cerebellum, the medullary body gives off 
numerous thick laminae, which project into the lobules of the cerebellum; from 
these there are given off secondary and tertiary laminae at various angles. Thus, 
a very irregular white mass is formed, over the surface of which the much folded 
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plane corresponding to the long axes ot the brachia conjunctiva. (Sobotta-McMurrich.) 


cortex is spread in a thin but even layer. Supported by the white laminae, the 
cortex forms long narrow folds, known as folia , which are separated by sulci 
and which are aggregated into lobules that, m turn, are separated by more oi 
less deep fissures. Sections through the cerebellum at right angles to the long- 
axis of the folia thus present an arborescent appearance to which the name 
arbor in lac has been applied. This is particularly evident in sections through 
the vermis. 

The cerebellum has a thousand square centimeters of surface, only about 
one-sixth of which is exposed. As a general principle, all of the impulses coming- 
in the cerebellum reach the cortex and the cortex in turn sends impulses to 
lhe central nuclei, which send impulses out of the cerebellum to the brain stem. 
An exception to this occurs in the case of a small part of the' vestibular con¬ 
nections, souk* fibers from the vestibular nuclei are said to end in the lastigial 
nucleus, and a few fibers from the cortex are believed to reach vestibular nuclei 
directive 
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The Nuclei of the Cerebellum. The dentate nucleus is a crumpled, purse- 
like lamina of gray matter within the massive medullary body of each cerebel¬ 
lar hemisphere (Figs. 19(5, 197). Like the inferior olivary nucleus, which it elo>ely 
resembles, it has a white center and a medially placed hilus. In close relation 
to this hilus lies a plate of gray matter, the emboliform nucleus, and medial to 
this is the small globose nucleus. Close to the median plane in the white center 
of the vermis, where this forms the covering of the fourth ventricle, is the mi- 
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Figure 197. The cerebellar nuclei as seen in a transverse section passing through the pons at tlie 
level of the motor nucleus ol the trigeminal nerve and through the cerebellum rostral to the main 
mass of the dentate nucleus. 


ulcus of the roof or nucleus fastigii. The fastigial nuclei like the other cerebellar 
nuclei are paired. They lie close together, one on either side of the midline. 

The dentate nucleus receives fibers from the cortex of the neocerebcllar 
part of the posterior lobe and also some fibers from the anterior lobe. From its 
large multipolar cells, fibers arise which run in the superior cerebellar peduncle 
to the red nucleus and to the lateral ventrid nucleus of the thalamus. The fasli- 
gial nucleus receives fibers from the anterior lobe, pyramis, uvula, nodulus 
(paleocercbellum) and vestibular nuclei. It gives rise to the fastigiobulbar trad 
(Fig. 199). The emboliform nucleus receives fibers from both the paleocercbellum 
and the ncoccrebellum, and sends fibers by way of the brachium conjunctivuni 
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to the large-celled portion of I lie red nucleus. The gloho.se nucleus receives fibers 
Irom the paleoeerebellum and sends fibers by way of the braehiuin coiijuucti- 
vuni lo (he large-celled |)orlion of the red nneleus (Fulton, ID3S). 

Fibers from the cerebellar nuclei reach the central gray matter adjacent 
to the ventricular lining of medulla, pons and midbrain; the nucleus of Dark- 
schewitsch and the interstitial nneleus of tin* medial longitudinal fasciculus, and 
the inferior olivary nuclear complex (Hand, 11)54). 

The Cerebellar Peduncles. The white core of the cerebellum is formed in 
part by fibers which run from the cerebellar cortex to the nuclei and in part by 
fibers which enter and leave the cerebellum through its three peduncles. 

The middle cerebellar peduncle is formed by the transverse fibers of the 
pons and carries impulses which come from the cerebral cortex of the opposite 
side. It enters the cerebellum on the lateral side of the other two peduncles. 
In man, as might be expected from the large size 1 of the pons and cerebellar 
hemisphere, the middle is the largest of the three peduncles (Fig. 33). 

The inferior cerebellar peduncle ascends along the lateral border of the 
fourth ventricle, and at a point just rostral to the lateral recess, it makes a 
sharp turn dorsally to enter the cerebellum between the other two peduncles 
(Figs. 32, 33). It consists of the following bundles of ascending fibers from the 
spinal cord and medulla oblongata: (1) the dorsal spinocerebellar tract , which 
arises from the cells of the nucleus dorsalis of the spinal cord and whose termi¬ 
nation will be discussed in another paragraph: (2) the olivocerebellar tract, which 
consists of fibers from the opposite inferior olivary nucleus and to a less extent 
from that of the same side and which ends in the cortex of the vermis and of 
the hemisphere and in the central nuclei; (3) the dorsal external arcuate fibers , 
from the lateral euneatc nucleus of the same side, and (4) the ventral external 
arcuate fibers from the arcuate and lateral reticular nuclei and scattered cells 
of the reticular formation of the opposite side (Figs. 311-323). 

The vestibulocerebellar fasciculus courses along the medial side of the in¬ 
ferior cerebellar peduncle as it turns dorsally into the cerebellum (Fig. 163). 
Some are secondary trigeminal fibers from the spinal nucleus of the fifth nerve, 
but most of them arise from the superior and lateral vestibular nuclei or repre¬ 
sent the ascending branches of the fibers of the vestibular nerve. 

The superior cerebellar peduncle (Fig. 32) consists of efferent fibers from 
the dentate, globose, and emboliform nuclei to the red nucleus and the thalamus 
of the opposite side. It is the smallest and most medial of the three peduncles. 
The ventral spinocerebellar trad enters the cerebellum in company with the 
superior peduncle. It ascends through the medulla oblongata and pons, curves 
over the superior peduncle (Fig. 164), and enters the anterior medullary velum, 
within which it runs to the cerebellum. A bundle of fibers, the teciocerebellar 
trad, arises in the tectum and descends in the anterior medullary velum along¬ 
side of the superior cerebellar peduncle to the cerebellum (Ogawa, 11)37). 

Afferent Cerebellar Tracts. Fibers from the vestibular nuclei and also 
direct fibers from the vestibular nerve reach the flocculonodular lobe, uvula, 
lingula, and the fastigial nuclei (Larscll, 1037: Dow, 1038). Fibers from the 
ventral spinocerebellar tract pass to a narrow zone near the midplane of each 
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jeelions: sumII circles lor projection lo vestibnlar nuclei, <>1 >li<iu<‘ lines (/), next lo midline, lor 
projection lo nucleus niedialis (fasligii); oblique lines (\) for projecliou lo nucleus inlerposilus 
(globose and eniboliform); vertical lines for projection lo nucleus lateralis (dentate) . On the left 
side afferent eouneelions an 1 indicated: dots lor vestibulocerebellar connections; horizontal lines for 
spinocerebellar connect ions; blank space lor pontocerebellar projections but all oilier parts o! the 
cortex except tin* flocculonodular lobe receive these. 'Pile lettering and numbering of ini<lline struc¬ 
tures is that of Hoik (ef. Figs. !5S, SS)). 
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portion of the anterior loin 4 and to lobulus simplex and pyramis ol the posterior 
lobe. The libers of the dorsal spinocerebellar tract overlap the distribution ol 
the ventral but air distributed to l h<* lateral parts of the vermis and to tin* lobu- 
lns para median ns (Anderson, 1948). As determined by following degenerated 
fibers, each of tin* spinocerebellar paths carries libers from both sides ol the 
spinal cord, and those fibers conveying impulses from the region of the legs ter¬ 
minate in the* same general region reached by those from head, neck, and arms. 
Spinocerebellar fibers from caudal segments of the cord which supply the tail 
in monkeys have been traced not only into the lingula but have been seen on 
each side of the secondary fissure heading toward para flocculus (Chang and 
Rueh, 1949). 

Recently the method of electrical recording following stimulation to pe¬ 
ripheral receptors or other parts of the nervous system has yielded valuable in¬ 
formation regarding connections (Dow, 1999; Adrian, 1944; Snider and Slowed, 
1942; Snider and Eldrcd, 1952). Impulses can be picked up from the cerebellum 
after peripheral proprioceptive, tactile, auditory, and visual stimuli. 1 lie areas 
responding to cutaneous stimuli did not exactly correspond to the /ones ot 
distribution of spinocerebellar fibers (Fig. 198). Separate zones on each side in 
the anterior and posterior part of the cerebellum duplicated representation ol 
the extremities with distinct overlapping from opposite sides of the body. In 
the anterior zone the head was represented about the primary fissure and lobu- 
1 us simplex with foreleg next in sequence anteriorly and forward ol that the 
hindleg areas of representation. In the region of the paramedian lobule, there 
was representation of face, arm, and leg in that order and in anteroposterior 
sequence, and bilateral representation was conspicuous. Connection also has 
been shown between the anterior zones and the paramedian lobule. Auditory 
and visual impulses were picked up from the vermis and overlapped largely. 

In the areas of overlapping representation, diverse types of external and 
internal (proprioceptive) stimuli pass to the same cerebellar neurons (Bremer 
and Bound, 1951). 

Furthermore, by electrical means connection has been shown between the 
somatosensory and motor, the visual and auditory areas of the cerebrum and 
the corresponding zones of representation in the cerebellum. Hie vestibular 
areas of cerebellar cortex (flocculus, nodulus, uvula, pyramis, and lingula) dis¬ 
play by electrical recording connections with the sensorimotor area of the 
cerebrum and the area to which the vestibular nuclei project (Ruwuldt and 
Snider, 195(1). 

'There is projection from the pons, and so indirectly from the cerebral cortex, 
to all parts of the cerebellar cortex except the flocculonodular lobe (Brodal and 
.Jansen, 194(5). The pattern is definite with specific zones of the pons projecting 
to corresponding parts ol the cerebellar cortex ol the opposite side. 

Olivocerebellar fibers reach all parts ol the cerebellar cortex (Dow, 1989). 
The olivocerebellar fibers are not distributed at random. On the contrary each 
part of the olive projects to a specific part of the cerebellar cortex (Brodal, 
1940). 
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Efferent Cerebellar Tracts. These arise from lI k* central nuclei, except for 
sonic libers, which come from the cortex of the flocculus, uvula, and nodulus 
and run to the vestibular nuclei (Dow, 1988). 

The superior cerebellar peduncle arises from the dentate nucleus and. ac¬ 
cording to Fulton (19.88), aUo from the globose and emboliform nuclei (Figs. 109, 
199). It undergoes a complete decussation beneath the inferior colliculus in the 
tegmentum of the mesencephalon. Some libers of the superior cerebellar peduncle 
reach the lalcrovenlral nucleus of the thalamus and the globus pallidus (Car¬ 
penter and Stevens, 1957) by way of the ansa lentieularis, but others end in the 
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red nucleus, whence the impulses they carry are relayed upward to the thalamus 
or downward along the rubroreticular and rubrospinal tracts to motor neurons 
in the brain stem and-spinal cord (Figs. 1(19, 199). 

According to Knppers. Huber and Crosby (1930). descending libers are given oil in two bundles, 
one just before and tin* oilier just alter the peduncular fibers pass through their decussation. I hose 
fibers descend in the reticular formation of the pons and medulla (Fig. 109). I hoy enter the medial 
longitudinal fasciculus and pass to tin* superior central, retienlotogmental and inlerior olivary nuclei 
and into the spinal cord as far as the cervical enlargement (Carpenter and Stevens. 19.17). 

Other efferent tracts arise tti the fastujtal nuclei nud after a partial crossing 
descend iu the lateral pari of the reticular formation of the pons and medulla 
oblongata. One bundle of these libers, the uncinate bundle of Russel, winds 
around the superior cerebellar peduncle l*cJ’ore joining the others (Fig. 199). 
All of tin \sc bundles may be grouped under one name and designated as the 
fastipiobulbar tract. 'The libers of this tract are-intermingled with those ot the 
vestibulocerebellar fasciculus (Fig. 1(>8), descend close to the medial side of 
the inferior cerebellar peduncle and pass through the lateral and descending 
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vestibular nuclei. The fibers end in these nuclei and in the reticular formation 
(Allen, 11)24; Gray, 192(1). 

HISTOLOGY OF THE CEREBELLAR CORTEX 

The cerebellar cortex differs from that of the cerebral hemispheres in pos- 
scssim? essentially the same structure in all the lobules. This would indicate that 
it functions in essentially the same wav throughout. though as a result of dif- 
ferent fiber connections the various lobules may act on different muscle groups. 
Briefly it mav be stated that the afferent fibers reach the cortex where bv various 



Fmmuuc l 200. Somidingrammsilio Irmi.sversc section through a folium of the eerebellum. (Golgi 
method): .1, Molecular layer; H. granular layer; C, white matter: a, Purkinjc cell: b, basket, cells; 
(I. pericellular baskets, surrounding the Purkinjc cells and formed by the arborizations of the axons 
of the basket cells; e, superficial stellate cells; /, cell of Golgi Type IT: (j, granules, whose axons enter 
I lie molecular layer and bifurcate at i; h , mossy fibers; j and ///, neuroglia; n. climbing fibers. (Cajal.) 


means the impulses they carry are spread through intermediate neurons which 
connect with Purkinjc cadis, and these in turn send their axons to the central 
nuclei, from the cells of which extend the efferent cerebellar paths. There are 
patterns in these connections that allow diffusion and persistence of the effects 
of stimuli which have a bearing on the interpretation of cerebellar functioning. 
These patterns become evident as the microscopic structure is examined. 

A section through the cerebellum, taken at right angles to the long axis of 
the folia, shows each folium to lx* composed of a central white lamina, covered 
by a layer of gray cortex. Within the white lamina the nerve fibers are ar¬ 
ranged in parallel bundles extending from the medullary (‘enter of the cerebellum 
into the lobules and folia. A few at a lime these bundles turn off obliquely into 
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the gray matter, and there is no sharp demarcation he tween the cortex and the 

subjacent white lamina. The cortex presents for examination three well defined 

zones: a superficial molecular layer, a layer of Purkiujc cells, and a subjacent 

granular laver. 

~ * 

The cells of Purkinje have large flask-shaped bodies and are arranged in an 
almost continuous sheet, consisting of a single layer of cells and separating the 
other two cortical zones (Fig. 200). In all there are upwards of 14 million Pur¬ 
kinje cells. They are more numerous at the' summit than at the base of the 
folium. The part of the cell directed toward the surface of the cortex resembles 
the neck of a flask and from it spring one or two stout dendrites. These run 
into the molecular laver and extend throughout its entire thickness, branching 
repeatedly. This branching occurs in a plane at right angles to the long axis of 
the folium, and it is only in sections, taken in this plane, that the full extent 
of the branching can be observed. In a plane corresponding to the long axis of 



Fku’HE *g() 1 . Diagrammatic representation of the struct lire of the cerebellar cortex as seen in a 
section along the axis of the folium (on the right), and in a section at right angles to the axis of 
the folium (on the left). 


the folium the dendrites occupy a more restricted area (Fig. 201). In this respect 
the dendritic ramifications resemble the branches of a vine on a trellis. From 
the larger end of the cell, directed away from the surface of the cortex, there 
arises an axon which almost at once becomes mvclinated and runs through the 
granular layer into the white substance of the cerebellum. These axons end in 
the central cerebellar nuclei. Near their origin they give off collaterals, which 
run backward through the molecular layer to cud iu connection icith neighbor- 
imj Purkinje cells —an arrangement designed to bring about simultaneous effects 
upon a whole group of such neurons, and to bring into action successively more 
and more Purkinje cells in the manner described by Oajal as ‘ ‘avalanche con¬ 
duction." 

Granules resembling the neurosecretory granules found in the dieneephalon 
have been described in Purkinje cells but their function is unknown (Shanklin 
ct al., 195?). 

The granular layer, situated immediately subjacent to that which we have 
just described, is characterized by the presenee'of great numbers of small neu¬ 
rons, the (jrauule cells. Pach of these contains a relatively large nucleus, sur- 
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rounded l>v a small anioinil of cytoplasm, and from each there are given ofl 
from 111 roe lo five short dendritic branches with claw-like endings. I liese are 
svnnplieally related with tin* terminal branches of the mossy fibers, soon to be 
described, and form with them small glomeruli comparable lo those ot the olfac¬ 
tory bulb. Each grannie cell gives origin to an unmyelinated a.von, which ex¬ 
tends toward the surface of folium and enters the molecular layer. Here it 
divides in the manner of a T into two branches. These run parallel to the long 
axis of tin* folium through layer after layer of the dendritic expansions of the 
Purkinje cells, with which they doubtless establish synaptic relations (Fig. 201). 
Besides the grannies just described, this layer contains some large cells ot Golgi s 
Typo 11 (Fig. 200. /). Most of these are placed near the line of Purkinje cells 
and send their dendrites into the molecular layer, while their short axons resolve 
themselves into plexuses of fine branches in the granular zone. 

The molecular layer contains few nerve cells and has in transverse sections 
a finely punctate appearance. It is composed in large part of the dendritic ramifi¬ 
cations of the Purkinje cells and the branches of axons from the granule cells 
(Fig. 200). It contains a relatively small number of stellate neurons, the more 
superficial of which possess short axons and belong to Golgi's 1 ype 11. Those 
more deeply situated have a highly specialized form and are known as basket 
cells. From each of these there arises, in addition to several stout branching 
dendrites, a single characteristic axon, which runs through the molecular layer 
in a plane at right angles to the long axis of the folium (Fig. 201). These axons 
are at first very fine, but soon become coarse and irregular, giving off numerous 
collaterals which are directed away from the surface of the cortex. These col¬ 
laterals and the terminal branches of the axons run toward the Purkinje cells, 
about which their terminal arborizations form basket-like networks (Fig. 85). 

Nerve Fibers. The axons of the Purkinje cells form a considerable volume 
of fibers directed away from the cortex. 'Then* are also two kinds of afferent 
fibers which enter the cortex from the white center, and are known as climbing 
and mossy fibers respectively. The latter are very coarse and give off numerous 
branches ending within the granular layer. The terminal branches are provided 
with characteristic moss-like appendages. These mossy tufts are intimately re¬ 
lated to the claw-like dendritic ramifications of the granule cells. The climbing 
fibers, somewhat finer than those of the preceding group, pass through the mo¬ 
lecular layer and become associated with the dendrites of the Purkinje cells m 
the manner of a climbing vine. Branching repeatedly, they follow closely the 
dendritic ramifications of these neurons and terminate in tree varicose endings. 

It would seem reasonable to suppose that the two kinds ot liferent fibers, 
just described, have a separate origin and functional significance. It appears 
from experimental studies that mossy fibers are the terminations of fibers (Mi¬ 
tering the cerebellum from without, as spinocerebellar, olivocerebellar, vestibulo¬ 
cerebellar and pontocerebellar fibers, while climbing fibers arise within the cere¬ 
bellar nuclei and return lo the cortex, or else are recurrent collaterals ot ef¬ 
ferent fibers (Carrea, Beissig, and Mettler, 1947). The mossy fibers transfer their 
impulses Lo the granule cells, and these, in turn, relay them, either directly or 
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through the basket neurons, to the Purkiuje cells. The climbing fibers transfer 
their impulses directly to the dendrites of the Purkiuje cells. 

1 he (•[}emit path may be said to begin with tin* Purkiuje cells, whose axons 
terminate in the central cerebellar nuclei. From these nuclei efferent fibers 
leave the cerebellum by each of the three peduncles. From the fasligial and 
the intermediate nuclei fibers pass into the brain stem reticular formation along 
the medial side's of the inferior and middle, and from the dentate nuclei flow 
the fibers forming the superior cerebellar peduncle. 

By means of the axons of grannie cells, basket cells, and neurons of Golgi 
Type II. as well as by the collaterals from the axons of Purkiuje cells, an in¬ 
coming impulse may be diffused through the cortex, and the effect of the stimu¬ 
lus maintained by the reverberating circuits involved. The recurrent axonic 
collaterals are interpreted bv Retzlaff (1054) as being of two kinds, with prob¬ 
ably separate functions: axo-axonie. which arc inhibitors’, and axo-dcndritic, 
which arc excitatory. I lie climbing fibers may supply a type of feedback by 
maintaining an enduring state of negativity in the dendrites (as suggested from 
the work ol Bishop and Clare. 1050. with pyramidal cells of the cortex). 

Many synaptic endings are to he found on the Purkiuje cells, dendrites, 
and cell body; and with these conditions repetitive firing of the axon in the 
activity of such cells is explained: also by the arrangement of neurons in what 
Graham Brown called paired half-centers with the synapses on the axon hillock 
generating counter influences (Gesell et ah. 1054). An impressive demonstra¬ 
tion of the effectiveness of this mechanism for maintaining and diffusing a stimu¬ 
lus is produced when a point on the cerebellum is stimulated through a previ¬ 
ously implanted electrode in an animal free from the effects of anesthesia. The 
motor ('fleets which follow a brief stimulus may continue for five to fifteen 
minutes and show evidence of gradually involving more and more, perhaps all, 
of the cerebellar cortex. It is also of interest that such effects can be produced 
by mechanical means, as by a needle puncture of cerebellar cortex, emphasizing 
the responsibility of the cerebellar cortex itself in the reaction (Clark. 19.48). 

FUNCTION OF THE CEREBELLUM 

The way the cerebellum functions has not been entirely clear. It is known 
that it deals with the synergy of skeletal muscle, and that it is not concerned 
with conscious sensation, nor can its functioning be said to be within the realm 
of consciousness. Other functions than control of .synergy of skeletal muscle max- 
become apparent as the various approaches to the study of cerebellar function 
are utilized. There is evidence of cerebellar effect in certain visceral mechanisms. 

Cerebellar function has been studied from a variety of directions, among 
which are the following: (1) Study of the histologic picture, which shows the 
intimate connections of neurons. ( c 2) Tracing paths into and from the cerebellum 
with studv of their origin and distribution bv methods involving degeneration 
of fibers and cells. (3) Tracing pathways to and from the cerebellum by electrical 
stimulation and recording of responses, the so-called physiologic neuronography. 
(4) Study of the development of the cerebellum on a comparative basis in dif¬ 
ferent species of vertebrates, with attention to the muscle masses developed 
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n 11 (1 utiIiz<‘<» in (he different animals with various styles of posture and progres- 
sion. (5) Observation of the effects of experimental electrical stimulation oi the 
cerebellum in the laboratory, ((>) Study of symptoms or effects of removal or 
damage to parts of the cerebellum as seen in clinical east's and in laboratory 
experiments. 

Some of the results attaint'd with the first three methods listed have been 
discussed in the preceding pages in connection with the study of the internal 
structure of the cerebellum. It will be valuable to attempt to correlate these ob¬ 
servations with other data from comparative studies, stimulation, and ablation 
of different parts of the cerebellum. 

Comparative Morphology and Function. The form of the cerebellum in a 
species of animal is apparently a reflection of the animal's style of posture and 
activities. In considering this relationship in any species it is important to take 
into account the position of the center of gravity of the animal in relation to 
its bulk and the points of its support: the type of progression employed: and 
the presence, development, and independent use of any limbs it may possess. 
It should be observed more than casually that the cerebrum varies also with 
the factors related to cerebellar variation. 

Not only does the total mass of the cerebellum vary: portions of it show 
special development in different animals. In comparative studies it is seen that 
the middle portion of the cerebellum, corresponding to the vermis, is developed 
in those animals whose progressive movements and activity are largely depen¬ 
dent upon trunk musculature or symmetrical limb movements, as in birds and 
reptiles. The vermis which is acquired by the early bird is more highly developed 
in birds which fly than in the flightless ones like the ostrich. With the develop¬ 
ment of limbs and further with the degree of independence of limb movements 
in various animals, the hemispheres show development and variation. 

Smaller subdivisions of the cerebellum vary in size with masses of muscle in 
different parts of the body of species of higher vertebrates and with the intricacy 
of muscle activity (Riley, 15)29; .Jansen, 1950). For example, the cerebellum of 
the giraffe with its highly developed neck and head mobility has a conspicuous 
lobulus simplex as in other species with mobility of the head. 'The lingula is 
relatively large in mammals that have proportionately large tails, as docs the 
rat, but it is moderately well developed in the pig, which has a rather ineffectual 
tail (Larscll, 1952). The cat with excellent use of its extremities has a rather 
well developed ansoparamedian lobule; while in the narwhal with no external 
hind limbs and remarkably effective aquatic activity. Crus II of the ansopara- 
modian lobule is small. On the other hand the parafloeeuhis is very large (Tar- 
sell and Berlhelsdorf, 1941). It has been argued from these and similar observa¬ 
tions that the* lobulus simplex is concerned with control of neck muscles, and 
that Crus I, and Crus II, of the ansoparamedian lobule are concerned respec¬ 
tively with the forelimb and hindlimb musculature. The parafloeeuhis is espe¬ 
cially developed in aquatic forms having a high degree of coordination and syn¬ 
chrony in movements of axial and appendicular muscles. 

In the primates with increasingly upright position, and especially in man 
with independent use of individual extremities, the hemispheres of the cerebel- 
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linn lire highly developed, and corticopontoeerebellar connections are prominent. 
Much ot tlit' intormation trom eomparative studies such as these suggests local¬ 
ized responsibility of cerebellar parts but it has not been completely correlated 
with other observations. 

Stimulation of the Cerebellum. In considering evidence concerning cerebel¬ 
lar function as produced by stimulation of the cerebellum, it should be recalled 
that several synapses (neurons) are interposed between the cerebellar cortex 
and the final common path to skeletal muscle, or other effector neurons. Not 
only does such an arrangement allow other influences to be* brought into play, 
but synaptic interruption in a pathway probably always provides means of 
multiplying the available routes from that point. 

Effects follow stimulation of the cerebellum by cither electrical or mechan¬ 
ical means, but the response is so affected by anesthesia and other conditions 
ot stimulation that investigators have not always agreed upon the results. 

1 lie effects ot stimulation have been described in several categories the 
most significant of which arc: 

1. ( out ruction of skeletal muscle in specific regions. 

2. Inhibition of the excessive tone in decerebrate rigiditv. 

.‘3. Disturbance of balance and posture. 

4. Facilitation and inhibition of neuronal activity. 

5. Effects upon activity of smooth muscle of visceral structures. 

Some ot the earliest investigators of stimulation of the cerebellum saw 
movement ot skeletal muscle with evidence of specificity in different regions, 
and recent investigations support and elaborate this with modifications, but 
with less evidence ot specificity than at first appeared. Sherrington's observa¬ 
tion that stimulation of the cerebellum in the decerebrate animal inhibited the 
excessive* tone of decerebrate rigidity so fixed the attention on this state that 
stimulation of the cerebellum in as nearly normal an animal as possible was 
neglected. 

When the cerebellum is stimulated through an implanted electrode in an 
otherwise normal annual the visible motor results obtained, though thev vary 
with the point stimulated, may occur in three phases (Clark, 1959). That is, 
there may be a response during the stimulus, a second response opposite in 
pattern immediately following cessation of the stimulus, and a third long effect 
m tin* nature ot a very slow motor seizure lasting several minutes and involving 
successively all the animal s parts. I be first two phases ot this response occur 
commonly as movements that are “mirror images" of each other; the head, for 
example, moves during the stimulus toward the side stimulated, then toward tin* 
opposite side immediately following the stimulus. The second movement is ap¬ 
parently m the nature ot a rebound to the first. This stimulus and rebound pat¬ 
tern is commonly produced by stimulation of the vermis or the region near it, 
or, to put it another way, in those cortical zones connected with the nuclei 
fastigii. Sprague and Chambers (1954) haVc elicited such reciprocal responses 
from stimulation of the reticular formation of the brain stem, and though the 
pattern is still present after acute removal of the cerebellum, it. is lost if time is 
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allowed lor fibers eomieeling cerebellum and brain sleui to degenerate, 
wonld seem lo prove llie necessity of cerebellar connections for its occurrence. 

The long after-effect (Ilord phase of response) which lasts several minutes 
has been elicited from widespread areas of the cerebellum although not vet 
from the flocculonodular lobe. During the long after-effect movements occur in 
a series of patterns which suggest slimnlns and rebound, as the movements in 
sequence are reversed in direction or alternate between sides. The body, lor 
example, slowly becomes concave on one side, then the other, the hocks will 
be abducted and then gradually adducted until they scrape each other in walk¬ 
ing; the tail will be arched lo one side then the other, or over the back. Also 
during this phase of the response, as individual limbs are affected, there is 
dysmelria in walking with marked “over-stepping" comparable to that pro¬ 
duced by cerebellar lesions. The effect sweeps through the animal s musculature 
in a definite sequence and suggests a diffusion by reverberating circuits through 
the cerebellar cortex. These movements appear to have no useful purpose, but 
are not like those of the common epileptic seizure. 

Sherrington and others since have observed that stimulation of the anterior 
lobe of the cerebellum diminished the exaggerated extensor tonus ol decerebrate 
rigidity, but other responses than mere inhibition of extensor tonus follow cere¬ 
bellar stimulation in the decerebrate animal. Some very definite movements of 
extremities can occur which commonly show reversals of pattern with cessation 
of the stimulus as rebounds, with evidence of local representation of body parts. 

Stimulation of the cerebellum in animals with intact brains can inhibit or 
facilitate movements produced reflexly or by cerebral cortical stimulation. 1 he 
areas of the cerebellum which give this effect coincide generally with the areas 
receiving tactile impulses which also have connection with cerebral motor areas. 
The pathway for the faeilitalory and inhibitory impulses is from cerebellar cor¬ 
tex to nucleus fastigii, thence to the bulbar reticular formation, and by reticulo¬ 
spinal paths lo the cord (Snider and Magoim, 104!)). 

Since both facilitating and inhibiting influences spread from the cerebellum 
bv closclv associated palhwavs lo skeletal muscle, and stimulus to the cerebel- 
him of intact animals commonly displays quick reversals ol movement as in 
stimulus-rebound, it may be assumed that the normal control of synergy of 
muscle action constantly involves such mechanisms nicely adjusted to momen¬ 
tary needs. The terms “reciprocal co-contraction," and “bridling action" have 
probably been well used in the description of the way the cerebellum controls 
muscle action. 

An interesting commentary on methods of simultaneous excitation and 
inhibition may be apparent in the conned ions ol Mauthners cell, the large 
motor unit in the medulla of fishes. Relzlafl (1957) described single branched 
fibers of the eighth cranial nerve of fish as ending on the lateral dendrite and 
cell body of the homolateral Maulhncr's cell and on the axon hillock of the con¬ 
tralateral Maulhners cell, lie supposes the impulses ending on the eighth 
nerve fibers from vestibular apparatus excited tin' homolaleral cell while in¬ 
hibiting the contralateral one. Here again the phenomenon ol a stale ol endur- 
in <r negativity on dendrites as described by Clare and Bishop may be involved. 
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It is not surprising that in this widespread control of the activity of volun¬ 
tary muscle not only proprioceptive but various exteroceptive impulses should 
be provided to the centers concerned. The readjustment of the body in space 
demanded by each movement, large or small, requires a mechanism for com¬ 
plete orientation with its environment. 

Except for pupillary dilatation, visceral responses have only recently been 
observed following cerebellar stimulation. Pupillary dilatation can be obtained 
from widespread areas and may not be specifically cerebellar, but pupillary 
constriction and contraction of the bladder with urination follow stimulation 
of small definite regions of the cerebellum (Chambers, 1949; McDonald, 19.51). 
It has also been stated that the cerebellum has a relationship to vasomotor con¬ 
trol, which keeps a balance between vasoconstriction and vasodilatation. Fur¬ 
ther investigation in this direction is needed. On hypothalamic stimulation there 
is a widespread electrical response from the' anterior lobe and areas adjacent, 
which might imply autonomic relationship (Ban and Inoue. 19.57). 

Cerebellar Lesions. The most conspicuous symptom following damage to 
the cerebellum or its connections is disturbance of coordination of movement 
in skeletal muscle. A number of clinical tests are employed to bring out one or 
another phase of this, and each demonstrates in its way the asynergia. There 
arc differences in the pattern of deficit dependent upon the portion of the cere¬ 
bellum affected by the lesion, but the effects of lesions can usually be analyzed 
in terms of disturbance of equilibrium, of posture, or of voluntary movement. 
Xol only do lesions of the cerebellum itself show such deficits, but lesions of 
structures closely connected with it. as the inferior olivary nucleus, the cere¬ 
bellar peduncles, and even the frontal cortex, may be accompanied by similar 
signs and symptoms. 

There has been little opportunity in man to observe separately the function 
of the (inferior lobe of the cerebellum, although animal experimentation lias 
thrown light upon it. The anterior lobe has vestibular, spinal, and cerebral 
connections. Recent work with animals shows its relation to posture and limb 
movements with localization of functional responsibility in successive zones 
from the region of the primary fissure forward corresponding to face and head, 
forelimb, hindlimb, and tail. 

Adjustment can be made to losses of the cerebellum or parts of it. A slowly 
crowing destructive lesion mav reach large size in the cerebellum without evident 
symptoms. 

Operative removal of the whole cerebellum, if injury to the vestibular 
nuclei is avoided, product's less disturbance of movement than partial removal, 
apparently because of the amount of imbalance produced. Following partial 
removals not only does the part removed fail to function, the part remaining 
acts alone unopposed, as if were, instead of Inning its effect integrated with 
the function of the total cerebellum. In lime the animal may adjust to lliF 
imbalance. Removal of one lateral half of the cerebellum results in constant 
falling or rolling of the animal toward the side of the removal. After several 
days, the hcmidecerebcllate animal learns to walk on a wide base although it 
will continue to fall more easily toward the side of operation for some time. 
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Removals of anterior or posterior “halves” of the cerebellum disturb the for¬ 
ward -l)aekward <ujuilil>riuni of an animal. Removal of small portions of the 
eerebellnm result in temporary loss of synergy in the action of local muscle 
groups as in an extremity or one side, or the neck ami head. Kindlier controlled 
experiments are needed in this direction. 

Lesions of the dentate nuclei are associated with ataxia of the extremities, 
while lesions of the fastigial nuclei are accompanied commonly by ataxia of axial 
musculature (Carpenter ami Stevens. 1957). 

The flocculonodular lobe is often involved by cerebellar tumors in children. 
As might be expected because of the vestibular connections of this lobe, a 
child with such a tumor shows a disturbance of equilibrium and is unsteady 
on his feel. When in bed the patient may show no incoordination in movements 
of the arms or legs and little if any tremor. 

The neocerebellar pari of Ihc posterior lobe receives impulses from the 
cerebral cortex by way of the corticopontocerebellar path The neocerebellum 
plays an important part in the coordination of muscular activity, especially 
that of the arms and legs. It is not concerned with the initiation of movement, 
but while movement is in progress its execution is regulated by the cerebellum 
and synergy maintained. Synergy means cooperation in action, as when several 
muscles function together in the production of a complex act, each muscle con¬ 
tracting at the right time and to the proper extent. Lack of synergy results 
in incoordination. In a patient with a neocerebellar lesion, movements are 
jerky and intermittent (ataxia) and overshoot the mark (dysmetria). If the 
patient tries to hold the elbow Hexed while traction is being made at the wrist, 
the release of the wrist may result in sudden uncontrolled flexion at the elbow 
so that the hand may strike the face (rebound phenomenon). Movements may 
not lake place in quite the right direction (spontaneous deviation or past- 
pointing). There may be difficulty in performing rapidly alternating move¬ 
ments such as repealed pronation and supination of both outstretched hands 
in unison (adiadochokinesis). An act which normally involves simultaneous 
movements at several joints may be dissected so that movement occurs first at 
one joint and then at another (decomposition of movement). 

The symptoms resulting from damage to the neoeerebellum in man include 
hypotonia and tremor. 11 y potonia is evidenced by a diminished resistance to 
passive movement and by a wider than normal excursion of the distal segments 
of a hypotonic limb when the proximal segment is shaken. The tremor resulting 
from cerebellar lesions increases toward the end of a given movement and is 
associated with difficulty in stopping the movement at the proper point. The 
oscillations are coarser than those in multiple sclerosis. Fulton (1998) believes 
that an enduring pronounced tremor does not result from pure lesions of the 
cerebellar cortex but indicates an involvement of the nuclei. Carey (1957) has 
produced an action tremor which resembled cerebellar tremor during stimulation 
and after destruction of the red nucleus and areas near it, or of the thalamic 
nucleus lateralis venlralis. He interprets this as evidence of an elicited imbalance 
in cercbrocerebellar control. Rut the tremor and cerebellar asvnergia from 
lesions of the red nucleus do not persist permanently (Carpenter, I95(i). 

iXy.slagtn us is a more prominent symptom of cerebellar lesions in man than 
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in animals. It occurs in patients with lesions in any part of the cerebellum 
except the posterior midline structures. 

It has been elicited in the unaneslhclized monkey by stimulation of the 
cerebellar cortex (Clark and Clark. 1958). 

It is a common symptom of vestibular disturbance and with the la ray 
vestibular representation in the cerebellum would he expected to appear with 
at least some cerebellar lesions. Nystagmus occurs naturally following rotation 
ot the head and its direction varies according to the alignment of the specific 
semicircular canals with the direction of rotation. The direction of the nystagmus 
is indicated by that of the quick component although the slow component is 
the true compensatory movement. Nystagmus when present in relation to a 
cerebellar or vestibular lesion can be elicited by having the patient follow the 
examiner's finger with his gaze, with head still, until the limit of eye deviation 
is reached. In normal people a slight nystagmus not long sustained may occur, 
while that indicating a lesion is usually sustained for some time. 

An interesting commentary on the learning capacities dependent on the 
cerebellum is indicated by the fact that pigeons can become habituated to 
postrotational nystagmus, showing a shortening of the duration after successive 
standard limes of whirling. 'Phis capacity to learn is lessened or abolished by 
removal of part of the cerebellum (Halstead, 198(5). 

Similarly adaptation to successive sound stimuli after the first in a rapid 
series is shown by diminution of the electrical responses of the cerebellum in 
the unanesthetized cat. After a pause of a half minute or more between single 
similar sounds of a scries, the electrical response will return to its original 
height. Furthermore a new sound introduced between those of a series will elicit 
an electrical response of the usual height and may mask the response of the 
next one in the series. 

Electrical responses of the cerebellum to flashes of light in the eye have 
been examined by Koella (1958) and diselose a relationship to quantity of 
illumination, and an adaptation to a series of flashes similar to that of a 
succession of auditory stimuli. The potentials are recorded after a brief delay 
from rather large areas at a single flash, but with some asynchrony as if there 
is a spread of the influence through the cortical connections. From these same 
areas it is possible to elicit postural adjustments on local stimulation. 

From the various observations it becomes evident that representation in 
the cerebellum of body parts is strongly homolateral, hut also bilateral, and 
that in both anterior and posterior lobes there is representation of body parts 
in reverse pattern. It can he pictured as if the animal were “suspended" at a 
midline point about the primary fissure and that with this point as a center 
each quadrant of the cerebellum is especially concerned with postural change 
of the animal toward a corresponding zone of its environment. Many types of 
sensorv impulses (proprioceptive, exteroceptive, visual and auditory, and per- 
haps entoroeeptive) give the necessary information of the animal's relation 
to the environment: and in response to alterations the adjustment of posture, 
in static or mobile situations, is influenced by cerebellar activity. Each quadrant 
of the cerebellum would thereby be related to activity ol muscles in all parts 
of the bodv. 
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The dienceplialon, connecting as it does the cerebral hemispheres and the 
nieseneephalon, has within it elements concerned with most bodily functions. 
In the axial portion about the third ventricle the dienceplialon resembles the 
tegmentum of the mesencephalon with which it is continuous, but in it larger 
nuclear masses and pathways have developed with the greater cerebral develop¬ 
ment of man and the tendency to lelencephalizalion. I he dienceplialon includes 
the thalamus, epithalamus, subthalamus, and hypothalamus and from it develop 
the retinae and optic nerves. 

Upon tin* thalamus, if the geniculate bodies be included, converge the 
secondary afferent paths bearing sensory impulses of all types from the various 
receptors, special and general. Lying as it docs in the' middle of the cerebrum, 
it acts as a wav-station where the afferent paths after interruption are relayed 
to cortical levels. The interruption of the pathways is not merely that, but there 
is thus made possible the diffusion and spread of impulses to centers other 
than cortical, and perhaps even a kind of integration, and the sending of 
impulses to regions lower than cortical that are capable of responding to the 
impulses received by the thalamus. Also it is accepted that at the thalamic 
level painful stimuli may appear in consciousness, whatever that may mean. 

The thalamus is composed of several masses of nerve cells termed nuclei, 
which have diverse connections. As the details of their arrangement are 
examined it is well to keep in mind certain generalizations concerning their 
connections. Some of the nuclei serve to relay special and general afferent 
impulses from lower levels to the cortex; other nuclei have connections with 
lower levels but not the cortex; still other nuclei have connections with the 
cortex but not directly with lower levels. There is also significant connection 
between various thalamic nuclei. Topographically there is evidence of orderly 
relationship between cortex and thalamus, the more anterior portions of the 
thalamus having connection with more anterior portions of cortex and the more 
posterior parts corresponding, but tin* representation is not always as simple 
as that implies (Jasper, 1949 ; Rose and Woolsey. 1949 ). 

What appears to be an almost constant rule in the nervous system is 
evident in thalamic connections with the cortex: there are corticothalamic 
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fibers ns well ns thalamocortical ones, and lhose are commonly between llic 
same regions of each. Such an arrangement probably allows for the principle 
of '‘feedback** as emphasized in electronic circuits and cybernetics. 

Structure of the Thalamus. The thalamus consists chiefly of gray matter, 
within which there may be recognized a number of nuclear masses. Its dorsal 
surface is covered by a thin layer of while matter which has been calk'd the 
stratum zonule. On the lateral >urfaec next the internal capsule but separated 
from it by a narrow zone of cells (the reticular nucleus) there arc many 
myelinated fibers, which constitute the e.viernal medullary lamina (Figs. gOg. 
387). The medial surface is covered by a layer of central gray matter, continuous 
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Figure "202. Diagrammatic frontal section through the human thalamus and the structures which 

immediately surround it. 


with that which lines the cerebral aqueduct, and forms part of the lateral wall 
of the third ventricle. *- 

From the .stratum zonale, which clothes its dorsal surface', there penetrates 
into the thalamus a vertical plate of white matter, the internal medullary lamina , 
which separates the thalamus into medial and lateral parts. At the rostral 
extremity of its dorsal border the internal medullary lamina bifurcates to sur¬ 
round partly the anterior part of the thalamus, which projects somewhat above 
the general level of the dorsal thalamic surface, forming the anterior tubercle. 
These laminae of fibers help to separate the nuclear groups whose connections 
they partly form. 

The nuclei of the thalamus have becy named by the comparative neuro¬ 
logists. the names being derived from their positions in the subdivisions of the 
thalamus. There has not been strict adherence to directions referable to the' 
anatomical position of the human body in these names. The thalamus (and 
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forebrain) is described ns having n dorsal or superior surface which is toward 
111<* vertex of (Ik* head, and mitral or inferior surface opposite: anterior is toward 
the frontal polos of the cerebrum, posterior toward the occiput; medial and lateral 
areas as usual. Not all tin* named nuclei of the thalamus are referred to in this 
description. Further details may be found in the literature. 
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Fua ino ^03. Pliolomirro^raplis from seel ions llirou^li l lie lliatamus of I lie monkey: A , anterior 
lalamic imelei; .11. anterior ventral nnelens; (', eandale nueleus: CO. central ^ray; CM, cent rum 
medianuiu; CL, dorsal lateral nnelens; DM, dorsal medial nueleus; OP, globus pallidus; II. habeuulo- 
peduncular tract; IIM, medial liabennlar nueleus: /(', internal capsule: LO, lateral genieulaic body: 
L\ . lateral \enlral nncknis; M, nuclei of tin* midline: MO, medial geniculate body; P, pnlviuar; PL, 
posterior lateral nucleus; PLV. posterolateral ventral nucleus; PMY, posteromedial ventral nucleus; 
U, reticular nucleus: IL\, red nmdciis: »S.Y, substantia nigra; ■!, third nerve; III. third ventricle. 


The nuclei of Ihc thalamus luive been classified morphologically into five 
groups as follows: 

(I) The anterior (halainie nnelei occupy the anterior purl of the thalamus 
(Figs. L 2().‘>, ^(i, :>!)(), .StHi) and arc separated from the r(miaindcr of it by the diverg¬ 
ing limbs of the internal medullary lamina. 'The anterior group of nuclei receives 
fibers from the mammillolhalamic tract and sends fibers to the cerebral cortex 
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in tiu* gyrus cinguli. Functionally they arc associated with relays involving the' 
olfactory connections. 

( c 2) The nuclei of ihc midline arc clusters of cells si1 11 : 1 1<‘< 1 close to tin* wall 
of the third ventricle or in the massa intermedia (Figs. c 2()8, .‘h)(i, 8t)7). Some of 
these nuclei project to the cortex of the anterior portion of the rhinenccphalou 
and possibly to gray masses adjacent. They are also connected with the hypo¬ 
thalamus and so must be involved in visceral functions. 

(.*>) 'The medial nuclei of the thalamus lying between the nuclei of the 
midline and the internal medullary lamina number at least seven, two of which 
require special attention. They are (a) nucleus medialis dorsalis (Fig. *208, L 2, DM), 
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Figckk 2(H. Schematic parasagittal section through the lateral unclear mass of a monkey's 
thalamus: .11’. Anterior ventral nucleus: PL. dorsal lateral nucleus: /I . intermediate ventral nucleus; 
PII, posterior lateral nucleus; PV, posterior ventral nucleus which is divided into PIA and PM l 
in Fig. ^03. 3. 


which has two parts: a smaller medial portion which receives fibers trom the 
nuclei of the midline -and sends fibers to the hypothalamus, but none to the 
cerebral cortex: a larger lateral portion which receives fibers from other thalamic 
nuclei and sends fibers to the granular cortex of the frontal lobe in an orderly 
manner, with topographic relation between the* parts of the nucleus and parts ol 
the cortex (Pribram el ah, 11)58); (b) the nucleus ot the cenIrum medionnm (Fig. 
<208, 8, CM. Figs. 20(1. *207), partly embedded in the internal medullary lamina. 
It appears to have no direct connections with either the afferent paths entering 
the thalamus or the cerebral cortex. In human material studied after surgical 
procedures, the centrum medianum was found to have connection with the 
caudate nucleus and putamcn but not with the globus pallidas. In experimental 
work it has been found to have connections Vitli the surrounding main thalamic 
nuclei, and because of these connections may have a significant role in the 
regulatory influence exerted by the thalamus over the entire cortex. 

(4) The lateral nuclear mass lies between the internal medullary lamina 
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and 11 1 ( v internal capsule. Other Ilian 11 1 (* reticular nucleus, which lies as a thin 
sheet of cells applied In the lateral surface, the lateral nucleus is ciistoinalily 
divided into a larger ventral part and a smaller dorsal part. What has been re¬ 
ferred to as the ventral part ol the lateral nucleus o! tin* thalamus is best referred 
to simply as the mitral nucleus (Figs. U‘, 204). 

The most anterior part of the ventral nuclear ma>s is known as the anterior 
ventral nucleus or nucleus ventralis anterior (big- 205, 1, .11 ). Its relative 
position is illustrated schematically in a diagrammatic parasagittal section 
(Fig. 204, .IF). It receives fibers from the globus pallidus and sends other fibers 
back to the corpus striatum. Behind it lies the intermediate ventral nucleus 
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Lateral geniculate body 

Basis pcdunculi Secondary sensory tract, N.V. 

Spinothalamic tract and medial lemniscus (arm) 
Spinothalamic tract and medial lemniscus (leg) 

Fi<a itK *20.). Diagram of atlcivnl pathways through the thalamus. 

(lateral ventral) {IV) which receives the fibers of the superior cerebellar 
peduncle and scuds fibers to the motor cortex and, m smaller numbers, to the 
premotor cortex of the frontal lobe. It serves, therefore, as a relax .station upon 
the path from the cerebellum to the cerebral motor centers. 

The posterior part of the ventral nucleus, nucleus ventralis posterior, has 
become well known because it is the site of termination of the main ascending 
seusorv pathways, i. c., tin* spinot/ialoniie tracts, medial lemniscus and secondary 
f riyeminal pathways. 1 wo separate nuclear masses receive these tracts, which 
terminate so that the impulses from the parts of the body are represented from 
medial to lateral in the order of face, arm, and leg. 1 he trigeminothalamic 
fibers therefore end about cells in the nucleus ventralis posteromedialis (Figs. 
2(Kh 205). Because of its shape it lies curved against the side of I hi' centrum 
medianum, this nucleus is also known a.> nucleus seniiliinaiis. 1 nimedintc 1\ 
lateral to this lies the nucleus ventralis postcrolafcrulis within which terminate 
the fibers of the spinothalamic tracts and the medial lemniscus (Figs. 205, 205). 
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1’rom the cells of these two nuclear subdivisions of the ventral nucleus 
(posteromedial and posterolateral), fibers arise which pass to the posterior 
central gyrus ot the cerebral cortex. Impulses tor general sensation from tin* 
various bodily areas are thus relayed to the somcslhclic sensory cortex, where 
the topographic relationship of body parts is still evident (Figs. 205, o>(»I) 
though in general reversed from tile order shown in the thalamus; those from 
the tool and leg are dorsomedially placed and those from the arm and the 
face more laterally toward the lateral fissure. 

A second somatic sensory area in the cortex receives fibers from the caudal 
part ot the nucleus ventralis postcromcdialis, the zone in the nucleus being 
just posterior to the face area projecting to the cortical sensory area No. 1. 
and having representation in llie* eat from before backward in the order: face, 
forefoot, hindfool (Woolsev, 1949: Knighton, 1950). 

I he two nuclei composing the more dorsal part of the lateral nuclear mass, 
namely, the dorsal lateral nucleus and the posterior lateral nucleus (Fig. 205. 
5. DL and PL). are continuous with the pulvinar. They receive fibers from other 
thalamic nuclei and are connected with the cortex of the parietal lobe. The 
posterior lateral nucleus has connections also with the tip of the temporal 
lobe (Stoll et ah, 1951). 

The reticular nucleus is a thin layer of cells lying between the internal 
capsule and the external medullary lamina (Figs. 205, 58?. 597). It extends 
from the most anterior to the most posterior part of the' thalamus and covers 
on the lateral side the lateral nucleus, the pulvinar, and tin' lateral geniculate 
body. It is continuous with the zona ineerla (Figs. 215, 59(5), which is a con¬ 
tinuation of the reticular formation of the mesencephalon. After restricted 
cortical lesions, specific portions ot the* reticular nucleus show degeneration 
with topographic orderliness, and it degenerates throughout if the entire end 
brain is removed (( how, 1952). On the basis ot experimental observations, 
the reticular nucleus has been grouped functionally with other nuclei, all 
together termed the ’‘reticular complex,” which are believed to have a wide¬ 
spread influence on cortical activity. 

(5) The posterior thalamic nuclei include, according to Walker's classifi¬ 
cation, the pulvinar and the medial and lateral geniculate bodies. The pulrinar 
(I"igs. 42, 205, 4, / > ) is a large nuclear mass forming the posterior exlremitv of 
the thalamus. Fibers reach it from other thalamic nuclei and also from the 
geniculate bodies. It has fiber connections with the cortex of the posterior parts 
of the parietal and temporal lobes, and is probably concerned in visual and 
auditory integrations. Fibers extend also from the temporal gyri to the pulvinar 
(Whitlock and Nauta, 195(1). 

The medial (jeniculate body is a thalamic nucleus which has been displaced 
downward so that it lies lateral to the upper end of the mesencephalon under 
cover of the pulvinar and in close association witii the lateral geniculate body 
(MG, Figs. 4. 205, 5(17. 5(19). It receives fibers by way of the inferior quadri¬ 
geminal brachium from the lateral lemniscus, the central auditory pathway 
from the cochlear nuclei. From it fibers run to the auditory area of the cerebral 
cortex (the ihalamolcmporal or acoustic radiation). 
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TIk* lateral (jenieulate body lies lateral lo I lie medial geniculate body under 
cover of (lie pulviuar (LG, Figs. 4, c 2()3, 3(i7, 3(>9). Alternate layers ot fibers 
and cells give it a conspicuous lamination in microscopic preparations. It receives 
the fibers of the optic trad. The projections from the various parts of the 
retinae have specific localizations in the* lateral geniculate body, and there is 
a specific point lo point relationship between the various parts of this nucleus 
and the parts of the visual cortex with which they are connected (Fig. 193). 
The fibers joining the lateral geniculate body with the visual cortex form the 
geniculocalcarine tract. 

Corticothalamic Connections. As indicated earlier, it is a rather common 
principle that in the nervous system there exist connections between two areas 
or structures by means of fibers arising in each structure extending lo the 
other. In the case of the thalamus, this has been shown for many of its sub¬ 
divisions. Not only does the medial geniculate body send fibers up to the 

superior temporal gyrus; there are descending fibers from that part of the cortex 
to the medial geniculate body; the pulviuar sends fibers lo the parietal and 
temporal areas of the cortex and receives fibers from these areas in return. 
Increasing knowledge of this principle emphasizes the way in which the nervous 
svstem uses feedback or reverberating circuits for better coordination of its 
activities. 

Function. The function of many parts of the nervous system is still 
unknown, but something may be inferred as to the use of a part if its con¬ 
nections are known with other structures whose function is understood. The 

pitfalls in such inferences are numerous and often invisible. Interpretation of 
function of thalamic parts is frequently based on this procedure, although 
valuable points have been gained from the experimental exploration of the 
thalamus in the laboratory and the natural experiments on man's nervous 
system by the processes of disease. 

Certain thalamic nuclei serve as relay stations on pathways to the cerebral 
cortex. 'The medial geniculate and lateral geniculate bodies relay auditory and 
visual impulses. The posteromedial ventral and the posterolateral ventral 
nuclei are relays on the someslhelic sensory pathway. The lateral ventral 
nucleus is a relay on the path from the red nucleus. Still other nuclei, with no 
large afferent pathways of their own, receive impulses from other thalamic 
nuclei, correlate them, and then pass them on lo cortex lying outside the sensory 
areas. In this third group there are included the dorsal lateral and posterior 
lateral nuclei and the pulviuar. The pulviuar appears lo provide for integrations 
of auditory, visual ami somatic sensory impulses. 

The small thalamic nuclei which lie in the wall of the third ventricle and 
in the massa intermedia form a group designated as the nuclei of the midline. 
This group is relatively constant throughout the vertebrate scale, and may 
perhaps be concerned with visceral sensibility and with the more primitive 
thalamic correlations such as occur in animals lacking a cerebral cortex. 

The midline and intralaminar nuclei along with some of the medial nuclei 
and probably the centrum medianum project to lI k* anterior part of the 
rhineneephalon, the orbital gvri, and from some of these nuclei there are also 
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connections with the corpus striatum and the amygdala. From experimental 
evidence it is stated that these nuclei, together with the reticular nucleus, form 
part of a reticular complex which has a widespread influence on the cortex. 
The reticular complex appears to constitute the upward extension of reticular 
relays ascending through the medulla, pons and mesencephalon, which on 
stimulation can cause generalized variations in the pattern of the electroen¬ 
cephalogram. The changes produced are in the direction of desynchronization of 
the electrical pattern and activation of the cortex. It has been suggested that 
this diffuse thalamic projection system is related to the state of wakefulness 
and sleep and so perhaps to consciousness. There is some disagreement as to 
which thalamic structure's arc chiefly responsible for the diffuse projection, but 
the concept of such a system is significant in the light of its possible regulatory 
effects on the cortex. 

Collaterals from auditory and other somatic afferenls in the brain stem 
enter the ascending reticular activating system and so contribute to an arousal 
system. 

Increasing interest in the function of the thalamus has accompanied the 
development of the operation which severs the thalamofrontal radiation (leuko¬ 
tomy) in cases of severe depression. Selected eases have been used to trace 
thalamic connections, and have confirmed some of the results of investigation 
upon lower animals. Such studies have demonstrated the connection between 
the medial thalamic nucleus and Areas 9, 10, 11, and L2 of the frontal region: 
between the anterior thalamic nucleus and the medial surface of the cerebral 
hemisphere; and between the lateral group of nuclei and Areas 4, G, and 8 on 
the cortex (Freeman and Watts, 1947). 

Temporary disturbance of time sense, lasting a few days or weeks, in which 
the patients estimated poorly the memory of the length of times spent, and 
were confused as to time of day, dates, season, and even their own ages, has 
followed operative lesions on the dorsomedial nucleus of the thalamus (Spiegel 
el ah, 1955). It was thought such lesions chiefly involved the connections 
within the frontal lobes, but there is some evidence that the anterior nucleus 
and it.s connections with the mammillary body are important to this, as well 
as perhaps other connections of thalamic nuclei with parietal lobes. Since the 
effect was transitory, it was thought that multiple structures are involved in 
this time sense, even memory of recent and past events. 

Lesions in the lateral nucleus of the thalamus often cause, in addition to 
a loss or impairment of sensation on the opposite side of the body, intractable 
pain in the anesthetic regions. Any sensation evoked on the affected side may 
be extremely unpleasant or painful out of proportion to the stimulus and bring 
about an excessive (‘motional response. These peculiar sensory disturbances 
involved in the thalamic syndrome have not yet been adequately explained. 

It is of interest that connections extend from cortex to thalamus as well 
as from thalamus to cortex, thus allowing for reverberating circuits between 
the two. Stimuli to the cortex, even though brief, may bo maintained and 
amplified for proper response. It may also be that the cortex normally inhibits 
activilv in the thalamus after the reception of stimuli, shutting down the 
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activity of reverberating circuits. Willi connections willi 111o cortex damaged 
or removed, unbridled activity in tin* thalamus may he the basis of the thalamic 
syndrome (Niemer and Jimincz-Caslcllnnos, 1950). 

THE SUBTHALAMUS 

The sublhalamns is situated between the (dorsal) thalamus and the 
tegmentum of the mesencephalon, and forms a zone of transition between 
these two structures. Lateral to it the internal capsule joins the basis pedunculi, 
and medial and rostral to it lies the hypothalamus. It includes while matter 
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Figure c 2()(>. Frontal sec*tion through the human duMiceplialon at the level ot the inainmillothalamic 

Iraot. Weigerl method. (Villiger-Fierson.) 

in subdivisions termed the fields II. 11 1 . and IF ot Forel and the subthalamic 
nucleus. The red nucleus and substantia nigra project upward into it from 
the mesencephalon (Figs. c 2()(>. 207). 

Partial responsibility for the regulation of motor activity resides in certain 
structures in this area, sharing this with the closely related basal ganglia 
(p. 424). 

'The .sub!/laluniic nucleus (corpus Luysii) is a biconvex mass of gray matter 
which lies upon the medial side of the transition zone between the internal 
capsule and basis pedunculi (Figs. 200. 21(>). Phis nucleus receives fibers from 
the external division of the globus pallidus and forms an important part of 
the descending pathway from the corpus striatum (see ]). GIT). 

From the inlcnial division of the globus pallidus a more dorsallv placed 
bundle called jasciculus Iculicularls (seen in Ford's field IF) runs medially and 
is joined by other fibers from the globus pallidus which run in a centrally 
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placed bundle called llie ansa lenticnlaris. (The ansa lenticnlaris runs 
parallel to the optic tract which lies just below it.) Those bundles plus 
other fiber." bend >harply in Ford's field II and continue as the thalamic 
ulus through field 11 1 to the anterior ventral nucleus of the* thalamus 
200, 214, 21 5. 225). 


nearly 
s< tine 
fascic- 
(Figs. 


I he ansa lenticnlaris is one of the bundles constituting the larger collodion 
ot fiber." bundles known as ansa pcduncularis (Figs. 20!). 211). which bends 
about the posterior limb of the internal capsule where the latter is entering 
the basis pedunculi. 
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The zona ineerta is a continuation of tin* relieular formation of the mesen¬ 
cephalon. It has connections with nearby nuclei and receives fibers from the 
motor and premotor area of the cerebral cortex and from the temporal pole 
(Whitlock and Xaula. 1950). it lies just above the fasciculus lenticnlaris as a 
thin plate of gray matter. It is considered to be a correlation center for optic 
and vestibular impulses relayed to the outer part of the globus pallidus (Papez, 
1951) (Figs. 215. ZI. 978. 890). 

THE EPITHALAMUS 

The epithalamus includes the pineal boTly. stria medullaris, and habenular 
trigone. Flic latter is a small triangular area located on tlx* dorsoinedial aspect 
of the thalamus rostral to the pineal body (Figs. 40. 41, 42). It marks the position 






















Anatomy of tiih Nfkvofs Systkm 




of lli( i habenular nucleus , an olfaclosomalie correlation cciiUt, which receives 
fibers from lho stria medullaris , a fascicle which runs alonjj the border between 
the dorsal and m<‘< 1 ia 1 surfaces of the thalamus subjacent to the taenia thalami 
(Figs. 41, t^). The stria medullaris takes origin from the olfactory centers on 
the basal surface of the cerebral hemisphere and, partially encircling the 
thalamus, reaches the habenular ganglion, in which it ends. Not all of tin* 
fibers terminate on the same side; some cross to the ganglion of the opposite 
side, forming a transverse' bundle' of myelinated fibers which joins the' caudal 
end of the two ganglia together and is known as the habenular commissure. 
From the cells in this ganglion arises a bundle of fibers, known as the' fasciculus 
retrofle.vus of Meynert or the IraeLus habenulopcehineularis. 1'his bundle of 
fibers is directed ventralward toward the base of the brain and ends in the* 
interpeeluncular ganglion (Figs. c 249, ,‘357, .‘374, .‘>75, 401)). The stria medullaris, 
habenular ganglion ami fasciculus retrofiexus are all parts of an arc for olfactory 
reflexes. According to Edingcr (11)11) the cells, from which the stria medullaris 
arises, are intimately relateel to a bundle of ascending fibers from the sensory 
nuclei of the trigeminal nerve. If this be true, this olfaclorv mechanism mav 
receive afferent impulses from the nose, mouth, and tongue and be concerned 
with feeding reflexes. 

The pineal body is a small mass, shaped like a fir cone, which rests upon 
the mesencephalon in the interval between the two thalami. Its base is attached 
by a short stalk to the habenular and posterior commissures, and into the stalk 
there extends the small pineal recess of the third ventricle. The pineal body 
is a rudimentary structure and is not composed of nervous elements. In some 
vertebrates, certain lizards, for example, it is more highly developed, resembles 
in structure an invertebrate eye, and lies close to the dorsal surface of the head. 

The posterior commissure is a large bundle of fibers which crosses the 
median plane dorsal to the point where the cerebral aqueduct opens into the 
third ventricle (Fig. 41). Some of its fibers serve to connect together the two 
superior colliculi, but the source and termination of most of its fibers remain 
obscure. 


THE HYPOTHALAMUS 

The hypothalamus lies ventral to the thalamus and forms the floor and 
part of the lateral wall of the third ventricle (Fig. 40). As seen on the ventral 
surface of the brain (Fig. ,‘>1) it includes the optic chiasma, corpora mammil- 
laria, tuber einercum, infundibulum, and neurohypophysis. The mammillary 
bodies are a pair of small spheric masses of gray matter, situated close together 
in I he interpeduncular space rostral to the posterior perforated substance. The 
tuber einercum is an elevated gray area rostral to the mammillary bodies. To 
it the hypophysis is attached by the funnel-shaped infundibulum (Fig. 40). 

The Ncuroliypophysis. The enlarged upper end of the infundibulum, 
known as the median eminence, is attached to the tuber einercum and forms 
a small part of the floor of the third ventricle (Fig. <208). At its lower end the 
infundibular stalk joins the neural lobe of the hypophysis, which with the pars 
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intermedia forms what lias been called the posterior lobe. The median eminence, 
infundibular stem and neural lobe (or infundibular process) constitute the neu- 
rohypophysis (Rioeli, Wislocki. and O'Leary. 1940). All three parts have the same 
structure and contain modified neuroglial cells known as pituieytes. 

4 he neurohypophysis develops as a downward cvaginalion of the embryonic 
dicncephalon. To it there becomes attached a glandular mass, the adenohy¬ 
pophysis. derived from the stomodeum. Both the neural and the glandular parts 
of the hypophysis function as endocrine glands. 

Structure of the Hypothalamus. For convenience of description each 
lateral half of the hypothalamus may be divided into a medial part with many 



nuclei and few myelinated fibers and a lateral part, the lateral hypothalamic 
area, containing scattered nerve cells and many longitudinally coursing mye¬ 
linated fibers. It may also be divided transversely into three parts: supraoptic. 
Liberal, and mammillary. Immediately in front of and not sharply marked off 
from the hypothalamus is the preoptic region, i. e.. the region between the 
anterior commissure and optic chiasma (.LY and OX, Fig. 209). 

Nuclei. The nerve cells of the hypothalamus are not uniformly distributed 
but are arranged in more or less definite nuclear groups. Most of the cells are 
small and their grouping into nuclei is noVjdwavs sharply defined. The supra¬ 
optic nucleus is an important exception. It is composed of large closely packed 
cells and forms a conspicuous mass overlying the beginning of the optic tract 
(Figs. 209-211, 217, SO). In the supraoptic portion of the hypothalamus there 
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Fig. 211 


Fig. 212 


Fiorims "20!) "210. Scmischcinatic drawings illuslrating the fiber pattern and the location of 
nuclei in the human hypothalamus. The first seven figures represent transverse sections through suc¬ 
cessive rost rocauda I levels and Fig*. *210. a parasagittal section. (Ingram, lhe \egelativc Nervous 
System, \ ol, IX. Assn, lor Research in Nervous and Mental Disease.) .1, Anterior hypothalamic 
area; AL, ansa leutieularis; AP, ansa peduueularis: AA, anterior commissure; ( II, coiiicohahenular 
fibers; I), dorsal hypothalamic area; DFSC, fibers of the diffuse descending* system; DM, dorso- 
medial hypothalamic nucleus; F, fornix; FL, fasciculus leutieularis; FLO, dorsal longitudinal tascic- 
ulus; OP, globus pallidus; OX, dorsal supraoptic commissure, pars dorsalis; //, II\, fields ol Forel; 
HIj or />//, lateral hypothalamic area; IIP, posterior hypothalamic area; 1C, internal capsule; Ic, 
nucleus in I crca lat ns; IT, fibers ol nucleus tuberis; FTP, inlerior thalamic peduncle; Mill, medial 
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Fig. *213 



Fig. l 21 l 




forebrain bundle: ML. lateral mammillary nucleus; MM. medial mammillary nucleus: MPA. medial 
preoptic area; MT. mammillothalainio tract; MX. dorsal supraoptic commissure, pars ventralis; 
OT, optic tract; OX. optic eliiasma: PA. paraventricular nucleus; PEI), cerebral peduncle; Pll. 
paraventriculohypophysenl fibers; P-II. pallidohypothalamic fibers; PS. paravent rieulo-suprnoptie 
fibers; PV. periventricular system; .S' II. septobypotlialamie fibers; SI. substantia innoininnta; SM. 
stria medullaris; SMX. supramammillary commissure; N.Y, substantia nigra; SO. supraoptic nucleus; 
SOIL supraopticoliypoplivseal tract; SOX. supraoptic commissures; ST. stria terminalis; STII. sub¬ 
thalamic nucleus; T. thalamus; Til. llialamohypolliahwiye fibers; TC. nucleus tuberis lateralc; I’d/, 
ventromedial hypothalamic nucleus: Zl . zona incerta: IV. third ventricle. 
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nro in addition lo llie nucleus just described also lI k* cells of llie anterior hypo¬ 
thalamic area (Fig. 210, d), and the paraventricular nucleus (Tigs. 210-21 "2, 
/\1). In (lie Inborn! region lhere are lo be found llie ventromedial hypothalamic 
nucleus (Figs. 211, 212, VM). the dorsouicdinl hypothalamic nucleus (Figs. 211 — 
210, DM). and the cells of the dorsal hypothalamic area (Figs. 212, 218, D). In 
the mammillary region are found the cells of the posterior hypothalamic area 
(Figs. 214, 215, IIP), and llie nuclei of the mammillary body: the medial mam¬ 
millary nucleus (Figs. 214, 215, MM), llie lateral mammillary nucleus (Fig. 214, 
ML), and the nucleus intercalatus (Fig. 214, 1c). The medial is much the largest 
of these three nuclei in the mammillarv body. The other two are small and 

i t 

situated close to its lateral surface. 

Lateral to the fornix throughout the length of the hypothalamus is the 
lateral hypothalamic area (Figs. 210-212, LII or 1IL). The nerve colls which 
it contains arc small in the anterior part of the hypothalamus but they increase 
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Figure 'MT. The hypothalamic nuclei of man illustrated as if projected upon llie lateral wall of the 

third ventricle. (After Le tiros C lark.) 

in size posteriorly, forming wlml Malone called the lubcromanunillary nucleus. 
A delailed account of llie hypothalamic nuclei and fiber tracts has been pub¬ 
lished by Ingram (1040). 

Afferent Nerve Fibers. The medial forebrain bundle contains fine mye¬ 
linated and unmyelinated fibers running from before backwards through the 
lateral hypothalamic area. It forms a connection between the ventromedial areas 
of olfactory cortex and the preoptic and hypothalamic areas. The lateral hypo¬ 
thalamic area also contains descending fibers which run from the hypothalamic 
nuclei into the brain stem. The forni.v is a large, heavily myelinated fascicle 
which runs obliquely through the hypothalamus from above downward and 
backward (Figs. 209-214, F: 282). It takes origin from the hippocampus and 
cuds in the medial and lateral mammillary nuclei, and some fibers are traceable 
into the mesencephalic tegmentum. A small but well defined fascicle of mye¬ 
linated fibers, the /mllidoh tj j>o! halamie tract (Fig. 214, P II). lakes origin from 
tin* globus pallidus. After separating from the ansa lenticularis it runs medially 
and vent rally through the hypothalamus lo end in llie ventromedial hypo¬ 
thalami nucleus (Uanson el al.. 1941). Corl icohypolhalamic and Ihalamohypo- 
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thalamic connections, either direct or indirect, exist but information on this 
subject is meager. Connections to hypothalamus have been traced from the 
frontal and limbic areas, the orbital, sensorimotor and auditory areas (Xiemcr 
and Jiminez-Castcllanos, 11)50). The mammillary peduncle contains fibers which 
ascend from the brain stem to end in the lateral mammillary nucleus. Fibers, 
which belong to the stria terminalis, run from the amygdaloid nucleus to the 
preoptic and hypothalamic regions. 

The supraoptic commissures consist of fibers which cross the midline dorsal 
to the caudal border of the optic chiasma. Although in this part of their course 
they lie in the hypothalamus, these fibers make no connections with the hypo¬ 
thalamic nuclei (Magoun and Ransom 1DT2). 

Efferent Nerve Fibers. The su praopticoh y po ph yseal tract arises irom the 
cells of the supraoptic nucleus and runs through the median eminence and 
infundibular stem into the neural lobe of the hypophysis (Mg. c 208). It distributes 
fibers to all parts of the neurohypophysis, including the median eminence and 
infundibular stem as well as the neural lobe (Msher, Ingram, and Ransom 
19.88; Magoun and Ransom 1989). Fibers from the paraventricular nucleus and 
from the tuber also reach the neurohypophvsis (paraventriculohypophvseal and 
tuberohypophyseal tracts). 

Descending fibers from the hypothalamic nuclei enter the mesencephalon 
in medial and lateral bundles. The lateral fibers descend through the lateral 
hypothalamic area and reach the midbrain by passing dorsolatcrallv to the 
mammillary body (Magoun, 1940). The medial fibers descend in the periventric¬ 
ular system close to the wall of the third ventricle and form the dorsal longi¬ 
tudinal fasciculus ventral to the cerebral aqueduct (Mg. 100)- 1 his bundle 

has fibers which interconnect thalamic and hypothalamic nuclei; others which 
reach all the preganglionic cells of the cranial autonomic neurons; others passing 
to the motor nuclei of the cranial nerves other than those to the eye muscles; 
other fibers related to the periventricular gray matter of pons and medulla, as 
the dorsal nucleus of the raphe, the laterodorsal and dorsal tegmental nuclei. 
Some filters are contributed to the dorsal longitudinal fasciculus by the latter 
or a v masses and bv the nucleus of fasciculus solilarius. By its connections its 
significance to visceral lticehanism is emphasized. The mammillothalamic tract 
is a large well myelinated bundle which arises from the mammillary nuclei 
and ends in the anterior thalamic nuclei (Figs. SOfi, 242). The niammiUoteg- 
mental tract is a descending bundle which branches off from the mamnnllo- 
thalamic tract and runs into the mesencephalon. Tike the lattei tiact it aiiscs 
from the mammillary nuclei. 

Functions of the Hypothalamus 

The hypothalamus, representing but 4 grams of a total brain weight of 
around 1200 grams, is concerned with morq, fundamental functions than might 
be imagined. It is related to the hypophysis and to many endocrine interrelation¬ 
ships, to various autonomic functions, to emotional expression, and has a subtle 
influence on the cerebral cortex since it contains a sleep-regulating mechanism. 
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It is ol in loros! that stimuli appliod directly to the hypothalamus have boon 
employed to produce conditioned responses (Ban and Shinoda, I95(>). 

The activity of the hypothalamus, when released from cortical inhibition, 
furnishes information concerning the normal function of this part of the brain. 
Animals from which the cerebral cortex has boon removed show on slight 
provocation signs of rage including struggling, piloerection. pupillodilatation, 
and increase in arterial blood pressure. This sham rage does not appear if 
the hypothalamus has been removed along with the cerebral hemisphere. 'The 
hypothalamus contains a center for the excitation and integration of the visceral 
and somatic responses which regularly form a part of the reaction pattern of 
fear and rage (Bard, 1984). 

Electrical stimulation of the hypothalamus in anesthetized cats causes an 
increase in rate and depth of respiration, a rise in arterial blood pressure, 
pupillodilatation, and under some conditions also erection of hair. 'The sympa¬ 
thetic responses are accompanied by struggling and other activity of skeletal 
muscles suggestive of emotional excitement. It would thus appear that by 
electrical stimulation of the hypothalamus there is activated that mechanism 
for emotional expression which, when freed from cortical inhibition by decorti¬ 
cation, gives rise to “sham'' rage. 

Functions related to parasympathetic activity are also represented in the 
hypothalamus. Stimulation of the hypothalamus affects the heart rate and the 
effect is different from stimulation of different regions; for example, stimuli 
applied to the lateral hypothalamic region gave effects similar to excessive 
vagus stimulation and this response was abolished by cutting the vagus nerves 
(Yuasa, Ban and Kurtosu, 1957). 

Stimulation of the preoptic region causes contraction of the bladder and 
sometimes also other evidence of parasympathetic activity. It is believed that 
a pathway leads backward from this center through the hypothalamus (Hanson 
and Magoun, 1999). 

Lesions of the hypothalamus cause impairment or abolition of certain normal 
activities. The functions, which are thus affected, may be ascribed to the 
hypothalamus although quite obviously the function may be one with which 
other parts of the brain and other organs may be involved. Bilateral lesions 
situated in the caudal part of the lateral hypothalamic area regularly cause 
somnolence. 'The explanation for this seems to be that these lesions interrupt 
the important pathway from the hypothalamus, which descends through the 
lateral hypothalamic area and enters the mesencephalon after passing dorso¬ 
lateral to the mammillary body. It is assumed that the impulses, which descend 
along this pathway and which under certain conditions are able to cause the 
intense and widespread activation of the body seen in rage, are under ordinary 
conditions an important factor in maintaining that degree 4 of activity of the 
brain stem and spinal cord which is essential for the waking state. At any rate 
it is certain on the basis of clinical as well as experimental evidence that lesions 
so placed as to interrupt bilaterally this descending pathway from the hypo¬ 
thalamus do cause somnolence (Hanson and Magoun, 1959; Collins, 1954). 

'That the hypothalamus may not be the highest level at which sleep 
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mechanisms operate is implied in the common knowledge that in sleep con¬ 
sciousness is temporarily in abeyance, and by some observations indicating 
that disturbances in sleep may accompany pure cortical lesions. 

It may well be that sleep occurs when impulses ascending trom the hypo¬ 
thalamus and other lower levels toward the cerebral cortex arc eliminated by 
the lesions described. Elcctrocncephalographic evidence is strong that the 
hypothalamus and other parts of the diencephalon have marked effect on 
cortical rhythms. Lesions in the hypothalamus and some adjacent areas inter¬ 
fere with the animals reaction to disturbing stimuli which would normally 
produce activation of the cortex (Koella and (iellhorn, 1954). 

Disturbances in temperature regulation often result trom hypothalamic 
lesions. Bilateral lesions in the posterior pari of the lateral hypothalamus impair 
or abolish the capacity for regulation of body temperature. If the room tempera¬ 
ture is in the usual comfortable range, the body temperature falls to a low 
level, but by the application ot external heat the body can be easily overheated 
without bringing into play sweating or other means for dissipating heat. 
Bilateral lesions in the preoptic region do not impair the capacity to react to 
a cold environment by vasoconstriction and shivering, but they do eliminate 
the ability to reduce body temperature by sweating or panting. An animal 
with such anteriorly placed lesions can be easily overheated but chills no more 
readily than a normal animal. In man and animals acute bilateral lesions in 
the prooptic region often cause a rapid rise in body temperature, which may 
reach a fatally high level or may subside again within a day or two. Hyper¬ 
thermia resulting from operations in the region ot the optic ehiasma is very 
troublesome for the neurosurgeon. 

On the basis of all the available evidence it now seems clear that a center 
controlling heat-loss functions such as sweating and panting is situated in the 
preoptic region and that a pathway from this center runs backward through 
the lateral hypothalamus (Fig. 218). The center for preventing heat loss by 
vasoconstriction and for increasing heat production by shivering is situated 
in the hypothalamus proper, and its descending pathway also runs backward 
through the lateral hypothalamus. Both descending pathways run close together 
dorsolateral to the mammillary body and enter the mesencephalic tegmentum. 
Bilateral lesions in the caudal part of the lateral hypothalamus interrupt both 
pathways and interfere with both the heat-loss and the heat-conservation 
mechanisms. Bilateral lesions in the preoptic region destroy the heat-loss center 
leavino’ the heat-conservation mechanism intact", as a result, the bod\ tempcia- 
lure either remains normal or may be temporarily elevated (Hanson, 1940: 
Beaton et ah, 194.8). Local heating of the anterior hypothalamus produces syn¬ 
chronous slow changes in potential trom this region and not trom other areas, and 
there is a correlation between these slow potentials and panting (von Euler, 
1950). 

Diabetes insipidus , a disease characterized by the passage of an excessive 
amount of sugar-free urine of low specific gravity, is caused by the interruption 
of the supraopticohypophyseal tract, the destruction of the supraoptic nuclei, 
or by the removal or destruction of the neurohypophysis. All three parts of 


Anatomy of thk Nkhvofs Systfai 




10 


llic neurohypophysis, i. c., Ilic median eminence, infundibular stem, and neural 
lobe (Fig. 208), have the same structure and constitute an endocrine gland 
which secretes an antidiurctic hormone. This hormone acts on the kidney to 
reduce the amount of urine. The supraoptic nuclei give rise to the supraoptico- 
hypophyscal tract, and this is distributed to the neurohypophysis. These throe 
structures, nucleus, tract, and endocrine gland, are mutually interdependent. 
When oik' is destroyed the other two degenerate and diabetes insipidus results 
because ot a deficiency of the antidiuretic hormone normallv formed bv the 

• i 

neurohypophysis. Clinically, the most common cause of diabetes insipidus is the 



Fiecim 'MS. Diagrammatic representation of llie mechanism for temperature regulation, super¬ 
impose* I upon schematic drawings ol three transverse sections through the preoptie region and 
hypothalamus. 


interruption of the supraoplicohypophyseal tract in the floor of the third 
ventricle or in the infundibular stem. The disease has been produced in animals 
by interrupting the tract at one or the other of these two levels. It can also 
be produced in animals by removing a 11 of the ncurohypophysis, but, if the 
median eminence and infundibular stem are left, these may constitute a sufficient 
remnant ol tlx* gland to prevent the disease from developing (Fisher, Ingram, 
and Hanson, 10,‘hS; iWagoun and Hanson, 1080). A small subcommissural organ 
beneath the posterior commissure shows relationship to water intake. Gilbert 
(1050) found that (lestruction of it was followed by diminished water con¬ 
sumption. 


the 
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There is evidence (Bargman 
hyt lophysis stores secretion 
hypothalamus, rather than 


and Scharrer, 1051) that the pars nervosa of 
which is produced by neurosecretory cells of 
performing the actual secretion. The neuro- 
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secretory granules demonstrated in the supraoptic and paraventricular nuclei 
and along the nerve fibers leading to the hypophysis increase when an animal 
has excessive water intake and diminish when an animal is in a dehydrated 
state, implying the use of the aiitidiurctic principle. There is evidence that the 
neurosecretory granules also are responsible for the oxytocic and vasopressor 
substances related to the neurohypophysis. There is some indication that 
neurosecretory granules may be of more than one variety (D'Angelo et ah. 
1950; Ford and Kantounis. 1957). 

An influence of hypothalamic areas on pregnancy in the rabbit implying 
an interaction with hypophysis and ovary has been demonstrated (Tsutsui et 
ah, 1957). Destruction of an area including the ventromedial nucleus (“sympa¬ 
thetic zone") during pregnancy caused no disturbance, though the pregnancy 
might be prolonged a day or so; but destruction of the lateral hypothalamic 
area (“parasympathetic zone") was followed by abortion, which could, however, 
be prevented with adequate doses of progesterone. 

Neurosecretory granules have been seen in the pars intermedia of the 
frog's hypophysis arranged in lines as if still in nerve fibers (Dawson, 1959). 
Because of the close association of the neurosecretory granules to capillaries 
of the hypophyseal portal system, it has been suggested that they may be the 
hormonal link between the nervous system and the adenohypophysis (Palav, 
1953), but this may be merely a close relation to piluieyles that lie near the 
vessels (Kennels and Dragcr, 1955). The experiments of de drool (1957) caused 
him to conclude that the neurosecretory material did not have a direct relation¬ 
ship to function of the adenohypophysis. 

Disturbances in fat metabolism. may result from hypothalamic lesions. In 
the rat and probably in some other animals and in man, lesions in the hypo¬ 
thalamus which do not in any way involve the hypophysis may result in 
adiposity (Iletheringlon and Hanson. 1942). 

Lesions involving the hypothalamus or the paths to or from it may pre¬ 
dispose to ulceration or hemorrhage in the alimentary tract. This has been 
demonstrated in both man and animals (French et ah, 1952). 
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The Internal Structure 
of the Cerebral Hemispheres 


The surface anatomy and general topography of the interior of the cerebral 
hemispheres have been described in an earlier chapter, and now detailed 
1 elationships and connections must be considered before discussing the functions 
of the telencephalon and its parts. Since lesions of the great motor and sensorv 
pathways form such important moans of interpreting neurologic connections, 
the relations of these pathways are of paramount importance in each region 
of the central nervous system. In the telencephalon such pathways assume 
proportions which in some instances can be dissected and observed grossly. 
I he gross relationships of these* to masses of gray matter as well as the neuronal 
connections they form are worthy of study. 

the basal ganglia of the telencephalon 

I lu*r(* are tour deeply placed masses of gray matter within the hemisphere, 
known as the caudate , lenlijonu , and ami/(/daloid nuclei , and the claustrum. 
I In* two former, together with the* white fascicles of the internal capsule which 
separate them, constitute the corpus striatum (Fig. 21!)). 

The caudate nucleus (nucleus caudatus) is an elongated mass of gray matter 
bent on ilsclt like a horseshoe, and is throughout its entire extent closely 
retail'd to tin* lateral ventricle (Figs. 50, 220-220). Its swollen rostral extremity 
or head is pear-shaped and bulges into the anterior horn of the lateral ventricle. 
The remainder of the nucleus is drawn out into a long, slender, highly arched 
tad. In the floor of the central part of the ventricle the head gradually tapers 
off into the tail, which finally curves around into the roof of the inferior horn 
ami extends lost rally as tar as the amygdaloid nucleus. Because of its arched 
form it will be cut twice* in any horizontal section which passes through the 
main mass of the corpus striatum, and in any frontal section through that body 
be'himl the amygdaloid nuclmis (Figs. 21!), 225, 220). The head of the* caudate 
nucleus is directly continuous with the anterior perforated substance, and 
ve'iilral to the anterior limb of the internal capsule it is fused with the lenliform 
iinch'Us ( Fig. 220) . 
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The lentiform or lenticular nucleus (nucleus lentiformis) is deeply placed 
in the white center of the hemisphere and intervenes between the insula, on 
the one hand, and the caudate nucleus and thalamus on the other (Figs. c 21!), 
22(5, 228). In shape it bears some resemblance to a biconvex lens. Its lateral, 
moderately convex surface is nearly coextensive with the insula from which 
it is separated by the claustrum. Its ventral surface rests upon the anterior 
perforated substance and the white matter forming the roof of the inferior horn 
of the lateral ventricle (Figs. 221—228). Its sloping medial surface is closely 
applied to the internal capsule. The lentiform nucleus is not a homogeneous 
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Lateral ventricle 
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Figvuk ‘21!). Drawing of a brain with left hemisphere dissected to expose the amygdaloid, 
lentiform and caudate nuclei. The internal capsule is shown as d transparent, extending between 
the lentiform nucleus laterally and the caudate nucleus and thalamus medially. I he lell lateral 
ventricle is shown with solid line where the wall is intact and with broken line where it has been 
dissected away. 'Flic only part of the left cerebral cortex remaining is shown in the temporal lobe 
and the inferior part of the frontal lobe. 

mass, but is divided into two parts by the external medullary lamina. I lie more 
lateral zone is the larger and is known as the jmiameti. It is separated by this 
lamina from the smaller more medial zone, which, because its numerous 
myelinated fibers give it a lighter color, is known as the globus pallidas. The 
latter is subdivided by the internal medullary lamina into the internal and 
external divisions (Figs. 222, 225). 

Especially in the anterior part of the internal capsule, bauds of gray sub¬ 
stance stretch across from the lentiform to the caudate nucleus, producing 
a striated appearance (Figs. 892, 898). This appearance, which is accentuated 
by the medullary laminae and the fine fiber bundles in the lentiform nucleus, 
makes the term corpus striatum an appropriate name to apply to the* mass 
formed by the two nuclei and the internal capsule, which separates them. 

The caudate nucleus and pulamcn have the same histologic structure. They 
are composed of small nerve eells among which are interspersed a few of medium 
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Figure Frontal section of the human brain through the rostral end of the corpus striatum and 

the rostrum of the corpus callosum. (Toldt.) 
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Figure 5221. Frontal section of the human brain through the anterior commissure. (Toldt.) 
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Figure 222 . Frontal section of the human brain 


through 


the mammillary bodies. (Toldt.) 
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Figure 223. 


Frontal section of the human brain through the rostral part of the pons. 


(Toldt.) 
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size. The globus |>;»11 i«h 1 s has a very different structure. Its e< , ll are large, and 
it contains manv more mvelinaled fibers Ilian do the caudate mi' / *us and 

* ♦ f*r 

pulamcn. Because of this difference in structure between the pulamcn and 
globus pallidns, the lentiform nucleus is clearly a composite structure rather 
than a single nucleus. It is now customary to group the caudate nucleus and 
pulamcn together as the striatum (not to be confused with the corpus striatum 
which includes the globus pallidns) and to call the globus pallidum the pallidum. 
In man the pallidum is relatively larger than it is in lower animals. 

Nerve Fibers. The two divisions of the strialnm send fibers to the pal¬ 
lidum, which, in turn, gives rise to fibers which go to other parts of the nervous 
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Figure 22 f. Frontal sort ion of t lie human brain through the splenium of the corpus callosum. View 

into the posterior horn of the lateral ventricle. (ToldL) 


system (Fig. Q^l)). The fibers which arise in the pnlamen converge like the 
spokes of a wheel before lhey end in the internal and external divisions of the 
globus pallidns. Other fibers are said to arise in the external and end in the 
internal division of the pallidum. 

As illuslraled in Fig. c 2 L 2o, fibers from the internal division of the globus 
pallidns run by way of the ansa and fasciculus lenticularis (IL), and after 
passing through field II curve dorsally and then laterally through the thalamic 
fasciculus (IIi). lo the anterior part of the ventral thalamic nucleus. A few 
fibers run vent romedially into the hypothalamus forming the pallidohypo- 
llialamic tract (Fig. l 2I l 2). Fibers from the external division of the globus 
pallidns rim lo the subthalamic nucleus. These pallidosubl halamic fibers do 
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nol pass through field II, but roach the subthalamic nucleus alter crossing the 
lower end of the internal capsule (Fig. l 2 L 25). (Hanson el ah, 11)41, a, b.) 

The corpus striatum receives fibers from the thalamus, and. according to 
Cajal, also fibers from the cerebral cortex. Physiologic evidence has been pre¬ 
sented to show that fibers from the cortex go to the caudate nucleus and 
pulamcn (Dusser de Barenne, Garol, and "McCulloch, l!)4 t 2). 

The corpus striatum and the substantia nigra are connected by fibers 
which have been thought to run a descending course and have been called 
strionigral fibers, but a study of Marchi preparations following injury to the 
substantia nigra in monkevs has shown that many oi these fibers degenerate 
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upward from the substantia nigra to the globus pallidus (Hanson et ah, 11)41). 
There are, however, fibers from the region of the corpus striatum which descend 
to the red nucleus (Laurscn, 11)55). 

Function. Very little is known concerning the function of the corpus 
striatum except what may be inferred from the symptoms exhibited by patients 
in whom the basal ganglia are diseased. Some exhibit tlie' Parkinsonian syndrome, 
characterized bv tremor, which persists (luring rest, ami b\ a plastic iigidit\ 
of till the skeletal muscles with resultant slowness of movement and a mask- 
like face. In other patients disease of the basal ganglia results in bizarre 
involuntary movements (athetosis and chorea). Since the pathology m the 
diseases which produce these syndromes is widespread and since the symptoms 
ha\e not been reproduced by damage to the corpus striatum in monkeys or 
other animals, it is not possible to draw fnun these clinical observations a clear 
picture of the function of the various parts "of the corpus striatum. It has been 
.-mid that stimulation of the caudate nucleus or piitamcn may inhibit phasic 
movements, induced by cortical stimulation, as well as spontaneous movements 
(Mettler, 15)42). In the unaneslhetized eat Ward (11)52) has observed trunk 
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striatum. The section on the right side was made l.A cm. farther ventrnlward than that on the 
left. (ToldlJ 

movements, including head turning to the opposite side, accompanying stimu¬ 
lation of the In'ad of the caudate nucleus, which occurred even in the absence 

of the nrimarv cortical motor area. 

* « 

The corpus striatum is generally regarded as an important link in an 
ext rapyramidal motor path. The function of the corpus striatum and the course 
of descending pathways by which it can influence the activity of the spinal 
cord still remain largely unknown. 

The ckiustrum is a thin plate of gray substance, which, along with the 
white matter in which it is embedded, separates the putamen from the cortex 
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of the insula. Its lateral surface is somewhat irregular, being adapted to the 
convolutions of the insula, with which it is coextensive (Figs. 222, 220). Its 
concave medial surface is separated from the putaineii by a thin lamina of white 
matter, known as the external capsule. 

The elaustrum in the usual horizontal slices of the cerebrum is only a thin 
gray lamina, but, in frontal sections through the cerebrum from the level of 
the optic chiasma back to the mammillary bodies, the elaustrum appears as a 
large gray mass just lateral to the put amen and dorsolateral to the amygdaloid 
body, which also in this region shows its greatest dimensions (Figs. .‘392-81)0). 

The Amygdaloid Body. In the roof of the terminal part of the inferior 
ventricular horn, at the point where the tail of the caudate nucleus ends, 
there is located a mass of gray matter, known as the amygdaloid body (Figs. 
219, .‘399, .‘394). It is continuous with the cerebral cortex of the temporal lobe 
lateral to the anterior perforated substances (Fig. 235). Primitively, the amygda¬ 
loid body is developed within the caudal end of the lateral olfactory nucleus 
but is added to in reptiles from an area related to the pyriform cortex. In size 
it rivals the globus pallidus. 

The external capsule is a thin lamina of white matter separating the 
elaustrum from the putamen. Along with the internal capsule it encloses the 
lentiform nucleus with a coating of white substance. 


THE INTERNAL CAPSULE 

The internal capsule is a broad band of white substance separating the 
lentiform nucleus on the lateral side from Liu* caudate nucleus and thalamus 
on the medial side (Fig. 220). In a horizontal section through the middle of 
the corpus striatum it has the shape of a wide open Y with the apex of the V 
pointing medially. The angle, situated in the interval between the caudate 
nucleus and the thalamus, is known as the yarn. From this bend the frontal part 
or anterior limb of the internal eapaule extends laterally and rostrally between 
the lentiform and the caudate nuclei, while the occipital part or posterior limb 
of the internal capsule extends laterally and toward the occiput between the 
lentiform nucleus and the thalamus. 

The anterior limb'of the internal capsule, intervening between the caudate 
and lentiform nuclei, is broken up by bands ol gray matter connecting these 
two nuclei. It consists of corticipetal and eorticifugal libers. The former belong 
to the frontal stall: of the thalamus or anterior thalamic radiation from the lateral 
nucleus of the thalamus to the cortex of the frontal lobe. The eorticifugal fibers 
form the frontopontile tract from the cortex of the frontal lobe to the nuclei 
pontis (Fig. 227). 

The posterior limb of the internal capsule intervenes between the thalamus 
and the lentiform nucleus, and is molded around the posterior end ot the latter 
(Figs. 22(3, 228). It accordingly consists o£ three parts, designated as lenticulo- 
thalamic, retrolenticular, and sublenticular (Fig. 82). The lentienlothalannc part 
consists of fibers belonging to the thalamic radiation intermingled with others 
representing the great efferent tracts which descend from the cerebral cortex 
(Fig. 227). Of these, the cortieobulbar tract to the motor nuclei of the cranial 
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nerves occupies Ilk* genu, and the cor!icon/final tract the adjacent portion of 
the posterior 1 i 111 1 >. The fillers of the corticospinal tract arc so arranged that 
those for the innervation of tin* arm arc nearer the genu than those for the log. 
Accompanying the eorlicospimd tract lire descending fibers from the* cortex of 
the frontal lobe to the rod nucleus, the eorliconibral tract. I hose fibers of the 
thalamic radiation which run to the posterior (-(Mitral gyrus and convey general 



Fici kk ’-.F27. Diagram of I li<* internal capsule as shown in horizonlal section (Fig. l 2 k 20). 


sensory impulses from the thalamus are situated behind the corticospinal tract. 
The rctrolcn Ucalar part of the iulcrmil capsule rests upon the lateral surface 
of the thalamus behind the lentiform nucleus and contains the posterior thalamic 
radiation. I he snblenIicular part of the internal capsule lies ventral to the 
posterior extremity ol the lenticular nucleus and contains the teinporopontile 
tract from the cortex ol the temporal lobe to tin* nuclei pout is, the genieulo- 
caleariuc tract from tin- hi l cm I geniculate body to the calcarine cortex, and the 
auditory radiation from the medial geniculate body to the transverse temporal 
gyrus (Fig. .‘>(11)). 

Hie fibers of the anterior limb run nearly horizontally forward; those of 
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the several parts of the posterior linil) run in different directions. The fibers of 
the lentieulolhalaniic part run nearly vertically upward, those of the retro- 
lenticular part nearly horizontally backward, and those of the sublenlicular 
part nearly horizontally latcralward. Where one part of the internal capsule 
becomes continuous with another there is a gradual transition in the direction 
of the fibers (Figs. ,‘> c 2, 227, 2*29). 


Coronal fibers front posterior limb of 
internal capsule 


Coronal fibers from anterior 
limb of internal capsule y 

Lcaliform nucleus 



Anterior commissure 
Ventral stalk of thalamus 




— Coronal fibers from retro- 
lenticular part of inter¬ 
nal capsule 

Coronal fibersfrom sublentic- 
ular part of internal capsulc 


Tapet u m 


Figure c P2S. The Icnliform nucleus and the corona radiala dissected tree from llie letl human 

cerebral hemisphere. Lateral view. 
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date impression) 
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Genu internal cap¬ 
sule 


Anterior commissure 
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Basis pedunculi 


Posterior thalamic radiation 


Figure 2 v 29. Dissection of the human cerebral hemisphere, showing the internal capsule exposed 
from the medial side. The caudate nucleus and thalamus have been removed. 


Dissections of the Internal Capsule (Figs. :>2. 22S, 229). A large part of the 
fibers of the internal eapstde, including the corticopontile, eorticobulbar, and 
corticospinal tracts, are continued as a brotul^thick strand on the ventral surface 
of the cerebral peduncle, with which we are already familiar under the name 
basis pedunculi. By removing the optic* tract, temporal lobe, insula, and lcnti- 
form nucleus, this strand can easily be traced into the internal capsule where 
it is joined by many fibers radiating from the thalamus and spreads out in a 
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fan-shaped manlier (Fig. 32), forming a curved plate which partially encloses 
the lentiform nucleus. As seen from the lateral side, the line along which the 
fillers of the internal capsule emerge from behind the lentiform nucleus forms 
two-thirds of an ellipse' (Fig. 22S). Beyond the lentiform nucleus I In* diverging 
strands from the internal capsule, known as the corona radiata, join the cent ml 
white substance of the hemisphere and intersect with those from the corpus 
callosum (Figs. 52, 272). 

An instructive view of the internal capsule may also be obtained by 
removing the thalamus and caudate nucleus from its medial surface. Il is then 
seen to bear the imprint of both of these nuclei, and especially of the thalamus, 
and between the two impressions it presents a prominent curved ridge (Tig. 
229). This ridge is responsible for the sharp bend known as the genu, which is 
evident in horizontal sections at appropriate levels through the capsule. Many 
broken bundles of fibers, representing the thalamic radiation, are seen entering 
the capsule upon its medial surface. 

THE MEDULLARY CENTER OF THE CEREBRAL HEMISPHERE 

The medullary center of the cerebral hemisphere underlies the cortex and 
separates it from the lateral ventricle and corpus striatum. It varies greatly 
in thickness, from that of the thin lamina separating the insula and the 
claustrum (Fig. 226) to that of the massive centrum semiovale (Fig. 52). The 
myelinated nerve fibers of which it is composed are of three kinds: namely, 
association fibers, projection fibers, and commissural fillers. It is becoming 
increasingly apparent that the principle of feedback is common in the nervous 
system. Frequently it can be shown that two regions of gray matter are mutually 
interconnected, although the fibers carrying impulses in one of the directions 
may be more conspicuous. At times this feedback is by direct connection, and 
at other times, it is circuitous over interrupted neuronal paths. There are con¬ 
spicuous cortico-ponto-cerebellar paths, and in return cerebello-thalamo-cortical 
ones, for example. Snell connections, while not always clear in their implications, 
can often be shown to be useful in integrating the functions of the connected 


Commissural Fibers. There are three commissures joining together the 
cerebral hemispheres. Of these, the corpus callosum is by far the largest and 
its radiation contributes largely to the bulk of the centrum semiovale (Fig. 
52). The fibers which compose it arise in the various parts of the licopallium 
of each hemisphere; they are assembled into a broad compact plate as they 
cross the median plane, and then spread out again to terminate in the neopal- 
limn of the opposite side. As they spread through the centrum semiovale they 
form the radiation of the corpus callosum. The majority of the fibers connect 
symmetrical areas in the two hemispheres (Curtis, 1940). Some cortical areas 
are better supplied with these fibers than others, few, if any, being associated 
with the visual cortex about the calcarine fissure (Van Valkenburg, 1913). The 
anterior and hippocam j>al commissures connect portions of the rhinencephalon 
in one hemisphere, with similar parts on the opposite side. The anterior com¬ 
missure traced by degeneration in the* monkey shows a division into two limbs. 
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an anterior and a posterior. The anterior limb is very small and is distributed 
to the olfactory tubercle, anterior olfactory nucleus, and olfactory bulb. 'The 
posterior limb contains most of the fibers and is distributed for the most part 
to the middle temporal gyrus (Fox, Fisher, and Dcsalva, 1948), (Figs. 221, 288, 
284). Flic hippocampal commissure is composed of fibers which join together 
the two hippocampi by way of the fimbriae and the psaltcriinn (Fig. 240). 

Projection Fibers. Many of the fibers of the medullary white center con¬ 
nect the cerebral cortex with the thalamus and lower lying portions of the 
nervous system. These are known as projection fibers, and may be divided 
into two groups according as they convey impulses to or from the cerebral 
cortex. The corticipctal or afferent projection fibers include the following: (1) 
the genic id oealcarine tract , which arises in the lateral geniculate body and ends 
in the visual cortex about the calcarine fissure; (2) the auditory radiation, which 
arises in the medial geniculate body and terminates in the auditory cortex of 
the anterior transverse temporal gyrus: (8) the thalamic radiation , which unites 
the thalamic nuclei with various parts of the cerebral cortex. The lateral 
olfactory stria, which conveys impulses from the olfactory bulb to the pyriform 
area, is not a projection system in the strict sense of the word, since it begins 
and ends within the telencephalon. 

Efferent projection fibers convey impulses from the cerebral cortex to the 
thalamus, basal ganglia, brain stem, and spinal cord. They represent the axons 
of pyramidal cells. 'The most important groups are those of the corticospinal 
and corticonuclear (corticobulbar) tract, which together form the great motor or 
pyramidal system. These fibers begin in the motor cortex of the anterior central 
g.vrus, in part as axons of the giant cells of Betz. Entering the white medullary 
center of the hemisphere, they are assembled in the corona radiata and enter the 
internal capsule (Fig. 82). A few such fibers have been seen to run from the cortex, 
cross in the corpus callosum and extend through the pyramid of the opposite 
side (Walbcrg and Bmdal, 1958). Their course beyond this point has been 
traced in the preceding chapters. They convey impulses to the primary motor 
neurons of the opposite side of the brain stem and spinal cord. Another im¬ 
portant group of eorticifugal fibers is contained in the cortieopontile tracts. Of 
these there are two main strands. The Jrontopontile tract consists of fibers which 
begin as axons of cells in the cortex of the frontal lobe, traverse the centrum 
semiovalc, corona radiata, frontal part of the internal capsule and medial one- 
fifth of tin* basis pedunculi, and finally terminate in the nuclei pontis. The 
ternporopontde tract has a similar origin from the cortical cells of the temporal 
lobe and possibly ol the occipital lobe also, passes through the' sublentieular 
part of the internal capsule and lateral one-fifth of the basis pedunculi, and 
finally terminates in the nuclei pout is (Figs. 82, J(>1). Fibers from the temporal 
lobe reach the pulamcu, pulvinar, and dorsomedial nucleus of the thalamus, 
pretectal area, medial geniculate body, superior colliculus, tegmentum of the 
mesencephalon, tail of the caudate nucleus and anterior commissure (Whitlock 
and Naula, 1950). 1 he ascending thalamic radiation is paralleled by descending 
corticothalamic fibers , which should be included among the efferent projection 
systems, although their physiologic significance is not fully understood. A eorti - 
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corubral tract eleseTiids from the frontal lobe through the posterior limb of I lie 
internal capsule to end in tin' red nucleus of the mesencephalon. According to 
Cajal (1911), collaterals from the corticospinal libers are given off to the corpus 
striatum. The efferent projection tracts which we have considered all have their 
origin in the neopallium. 

There are several projection tracts from the r/iincnccphalon , and of these 
the most important is the fornix. The fibers of this fascicle take origin in the 
hippocampus, follow an arched course already described and, entering the 
diencephalon, terminate in part in the mammillary body and in part in the 
tegmentum of the brain stem (Figs. L 2T2, L 24S). 

The medial forebrain bundle arises in the basal olfactory centers and runs 
caudallv through the lateral part of the hypothalamus. 


Arcuate fibers 



Cingulum 


Inferior longitudinal 
fasciculus 


Fig cue *230. Sonic association bundles projected upon the medial aspect of the cerebral hemisphere. 

(Sobol la-MeMurrieh.) 


Association Fibers. The various parts of the cortex within each hemi¬ 
sphere are bound together by association fibers ot varying length. 1 he short 
association fibers arc of two kinds: (1) those which run in the deeper part of 
the cortex and are designated as mtracorticaL and ( c 2) those just beneath the 
cortex, which are known as the subcortical fibers. The greater number of these 
subcortical association fibers unite adjacent gyri, curving in U-shaped loops 
beneath the intervening sulci, and are accordingly often designated as arcuate 
fibers (Fig. L 2t>0). Others unite somewhat more widely separated gyri. The loiuj 
association fibers form bundles of considerable' size, deeply situated in the 
medullary center of the hemisphere', and unite' widely separated cortical areas. 
T1 htc are' four of lhe\s<' whie'li may be readily displayed by disseedion of the 
human e'cre'bral he'inisphere*, uame'ly, the' uuciuale', nih'rior eiceipiledrontal, and 
supe'iaor longdudmal laseaeadi, and the cingulum. Another, known as the' tascic- 
ulus occipitofrontalis superior, is h'ss emsily displave'd. 

The cinc/nlnin is an aredie'd bundle which partly encircles the corpus callo¬ 
sum not far from Urn median plane (Figs. 5*2, 2S0). It begins ventral to the 
rostrum of the' corpus e-allosum, curves around the genu and over the dorsal 
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surface of that (*OI 111111SS me to the splenium, and then bonds von l rally to termi¬ 
nate near the temporal pole. It is closely related to the jryrus cinguli and the 
hippocampal gyrus and is composed for the most part of short fibers, which 
connect the various parts of these convolutions. 
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tx.i UK -.51. Lateral view o! ;i dissection ol a human cerebral hemisphere. 
Ili(‘ hemisphere tins been nil nway. On llie lateral side ltie insula, operniln, and 
lieoii remnxed. 


1 lie dorsal part of 
adjacent parts have 


Superior longitudinal fasciculus 



Inferior occipitofrontal fasciculus 

tnieiii-; 23*2. Some of the long association bundles project oil upon the lateral aspect of the cerebral 

hemisphere. 

The uncmale fasciculus connects the orbital gvri () f the frontal lobe with 
the rostral part of the temporal lobe. It is sharply bent on itself as it passes 
O'er the stem of the* lateral fissure of the corybrinn (bios, 

I he superior occiptlofrouial fasciculus runs in an arched course close to the 
dorsal border of the caudate nucleus and just boo oath the corpus callosum. It is 
separated from the superior longitudinal fasciculus by the* corona radiata (Fin-. 
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Tlic inferior occipitofrontal fasciculus runs i 1*0111 llie occipital to the frontal 
lobes along tin* venlrohileral bonier of llie hulilorm nucleus (h igs. c 2dl, £T2). 
Il can be displayed by dissection, but this method cannot be regarded as giving 
a satisfactory demonstration that it is com post'd ot long fibers joining the 
frontal and occipital lobes. It is included in the external sagittal stratum (Tigs. 
T)<), 401). 
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Figure 533. Frontal section of the cerebral hemisphere through the anterior commissure showing 

the location of the long association bundles. 


The superior longitudinal fasciculus (fasciculus arena tus) is a bundle of 
association fibers which serves to connect many parts of the cortex on the 
lateral surface* of the hemisphere (Fig. l 2.‘F2). It sweeps over the insula, occupying 
the base* of the frontal and parietal opercula, and then bends downward into 
the temporal lobe (Fig. 5i 2). It is composed for the most part of bundles of 
rather short fibers which radiate from it to the frontal, parietal, occipital, and 
temporal cortex. 


An inferior lomjitudiuul fasciculus Inis been described us u large bundle which runs through the 
entire length of the temporal mid oeeipilal lobes (Fig. 530). It forms part of the external sagittal 
stratum (Figs. 3!)!). M)5) and il consists chiefly of genieuloenlearine projection fibers. 
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Tlie Rhinenceplialon 


I lie termed rhinenceplialon in man constitute so large a proportion of 

the lira in ot lower forms that it should he apparent from observation of animal 
behavior that the reception of olfactory stimuli is not its only function (Brodab 
1047). Many observations from laboratory experiments point this out and 
emphasize the close relationship between hypothalamic centers, parts of the 
rhinenceplialon and other areas of the cerebrum nearby in the control of visceral 
behavior. iMirthcrmorc these same regions come into prominence when the 
central control ot emotional reactions is considered (Langworthy. 19.55). It has 
been proposed that parts of the rhinenceplialon. along with some adjacent areas, 
could best be considered the visceral brain. Such a designation might include 
hippocampus, parahippocampal gyrus, amygdala, orbital surface of the frontal 
lobes, the insula, and the cingulate gyrus. 

Functional reactions are so closely related to visceral activity that it is 
not surprising to find evidence that this part of the brain may be involved, at 
least m the physiology of emotions. 

Automatisms involving complicated bodily movements and temporary 
disturbances in memory systems have been shown to occur in man from lesions 
and from electrical stimulation of the pcriamygdaloid region which includes 
the unens of the hippocampus, amygdaloid nuclei, the ventral part of the 
elaustrum and parts of the cortex’ of the insula (Feindel and Penfield. 19 . 54 ). 
Since in the neighborhood of other projection areas, such as visual, auditory, 
and someslhetic. there are connections with general behavioral mechanisms, it 
is to be expected that such associations with olfactory zones exist. 

In the progression ot anatomical development of the nervous system from 
lower to higher vertebrates, the most conspicuous change is the enlargement of 
the cerebral hemispheres. So obviously does this dominate the picture that the 
basic pattern of the brain in relation to behavior tends to be obscured; yet the 
lower forms with minimal cerebral development perform all the vital functions, 
find food, multiply and persist. For this more stereotyped behavior of amphi¬ 
bians, reptiles and fishes, tor example, as well as for similar fundamental somatic 
and visceral behavior of mammals, the primary sensory centers of the brain 
stem, fed information by various cranial and spinal nerves, have appropriate 
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re-fle-x e-onne-e-lions will) e-ffe-re-nl mechanisms at lowe-r levels than the (< it 1 > 1 < 1 1 
eurlex. Cireuils through the e-ercbral cortex and oilier higher level connections 
stand in relation to the-se- lower circuits somewhat as epicycles; usable it neces¬ 
sary and ready to be called into play for less stereotyped action and learned 

responses. 

In lower forms the hypothalamus has more prominence than the thalamus 
and is an important correlation center for olfactory, gustatory, visceral, and 
somatic adjustments. The thalamic and cerebral cortical development ot highe-i 
vertebrates overshadows this early pattern but does not deprive it ot its 
primitive functions. 

Phylogenetic-ally very old, the rhincncephalon varies greatly in relative 
importance in the different classes of vertebrates. The central connections of 
the olfactory nerves form all or almost all ot the cerebral hemispheres in the 
selachian brain (Figs. 9-lff, 414), while in the mammal the non-olfactory cortex 
or neopallium has become the dominant part. The olfactory as well as the- non- 
olfaetorv brain reaches its highest development in mammals, but also among 
the mammals there is great variation in the importance and relative size ot the 
olfactory apparatus. The rodents, for example, depend to a great extent on 
the sense of smell in their search for food, and possess a highly developed 
rhincncephalon (Clark and Meyer, 11)47). Such mammals are classed as wacros- 
matic. Man, on the other hand, belongs in this respect with the mtcmsniaiic 
mammals, because in his activities the sense of smell has apparently ceased to 
play as important a part. The carnivora and ruminants are in an intermediate 
group. The sheep's brain furnishes a good illustration of this intermediate type, 
and displays much more clearly than the human brain the various paits ot the 

rhincncephalon and their relation to each other. 

Actually the diminution in importance of the rhincncephalon in man is more 
apparent than real, as the non-olfactory or somatic cortex (neopallium) has 
developed so that it overshadows the olfactory cortex (archipalhum and palco- 
pallium). Fundamental connections of olfactory mechanisms with both visceral 
and somatic activity must be just as significant in man as in lower forms, e\cn 
though the* olfactory sensibilities of man appear to be not as acute. But man s 
judgment of his own sensitivity in such matters is subjective, and while he 
inav feel inferior to the dog m Ins ability to track a rabbit, he ma\ ha\( \ ( n 
belter discrimination m other directions which he can not readilx compme with 
the experience of the lower animal. It is quite likely that more of man s acti\ilics 
are influenced by connections through the rhinenecphalon than it has been 
possible to demonstrate. The general nature ot olfactory stimulation, and the 
remoteness of the olfactory receptors, makes experimental analysis difficult. 

Fu net mu a 11 v ol t a e t or v i m pi 1 1 scs a re 1 )a siea 11 \ re la l e< I to feeding me < hanisms, 
but they must also play a large part in associative memories, conscious and 
unconscious. 'The reflex relationships of olfactory impulses are ol such tunda- 
menlal significance- m the realm ol vise-end control that we- do not begin to 
realize their importance- until we have a loss ot them, for example, a> in a 
se-ve-re- e-old. Their significance- in the- re-alm ot memory may be partly appiveiate-el 
|)\r recalling the* flood ot associations lliat conic surging into consciousness. 
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when, after a long winter, the first breath of spring is in (In' air, or tlie influence 
of .some nostalgic fragrance such as the smoke from a eedarwood fire. 

Olfactory Connections in Brief. Though complicated in details, the ol¬ 
factory brain is arranged fundamentally like other parts with appropriate 
connections lo reflex and higher levels. Olfactory nerve fibers arise from bipolar 
neurons in the olfactory mucous membrane of the superior part of the nasal 
cavity. I heir axons synapse with mitral cells in the olfactory bulb, the axons 
of which form the* olfactory tract. 1 lie mitral cells m part send impulses into 
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(< 11s of the giannlar layer and these reconnect with mitral cells, thus reinforcing 
tin' original stimulus. Impulses conveyed by fibers of the olfactory tract reach 
sccond.ii \ ccnteis m and around the* pyriform area, and it is here tlicv may be 
combined with other sensory impressions involved in feeding reflexes and other 
basic reactions. From certain secondary centers, fibers tracts of the third order 
pass to the hypothalamus (mammillary bodies) and epithalamus (habenular 
nuclei), and from both these regions after ^mother synapse tracts lead caudal- 
ward into motor centers of midbrain and medulla. There are also direct fibers 
between the secondary areas and the midbrain without interruption in the 
diencephalon. Impulses are relayed from the mammillary bodices to the anterior 
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nucleus of the thalamus wliieli sends fibers to llie gyrus cinguli of the coi lex 
(Fig. 248). 

Olfnctory impulses from the secondary olfactory areas pass to cortical 
centers in the hippocampus by several tortuous pathways. Kxteusive association 
neurons connect the hippocampus with other regions of the cerebral cortex, 
while projection fibers conned it with the habenular and mammillaiN bodies 
and the reticular formation of the brain stem, where motor mechanisms can 

be reached. 

Following electrical stimulation to the olfactory bulbs, impulses have been 
picked up in the olfactory tract, the olfactory tubercle, the pyriform areas, 
the hippocampus, parahippocampal gyrus, amygdala, fornix, anterior commis¬ 
sure, anterior nucleus and other portions of the thalamus, the niammillothalumit 
tract, habenular nucleus, habenulopcduncular tract, corpus striatum, claustium, 
pnlamen, globus pallidus, ansa lenticularis and certain other related structures. 
The experimental approach confirms and extends the histologic findings. Many 
of the structures which by electrical stimulation show connection with the 
olfactory tract and bulb of course have other functional connections of great 
importance also (Berry, Iloganien, and Ilinsey, 1952). 

In cals and monkeys, stimulation of widespread areas of the rhinencephalon 
produced massive responses which belonged to basic activity (MacLcan and 
Delgado, 1958). Stimulation of the confluence of the pyriform cortex, amygdala 
and hippocampus produced angry behavior like attack and defense patterns 
used in obtaining food. The response from the lateral nucleus of the amygdala 
was less specific than from other parts, but included awakening, alerting, arrest 
of activity and influence on respiration. Stimulation of the tuber-infundibulai 
•iron or the amygdaloid nucleus in monkeys produced an increase in blood 
steroids, an effect that also accompanies certain emotional disturbances (Bradv, 
l!)5(i). An odd observation is that of Olds and Milner (1954) that animals will 
press repeatedly a lever so arranged as to give them an electrical stimulus in 
the septal area, as if they receive some reward from the experience, a phenom¬ 
enon demonstrated also for the caudate nucleus and some other portions 

of the brain. 

Parts Seen on the Basal Surface of the Brain. A comparison of the basal 
surface of the sheep's brain with that of the human fetus of the fifth month 
shows a remarkable similarity in the parts under consideration (Figs. 294, 255). 
The olfactory bulb, which is the olfactory center of the first order, is oval in 
shape' and attached to the hemisphere rostral to the anterior perforated sub¬ 
stance'. It lie's between the' orbital surface of the cerebral hemisphere and the 
cribriform plate of the ethmoid heme. Thremgh the openings in this place numer¬ 
ous fine filaments, the' olfactory ticrccs, reach the bulb from the olfactory mucous 
membrane'. It contains a cavity, the rhinocele, continuous with the lateral 
ventricle. In the adult human brain the cavity is obliterated and the connectiem 
bctwe-e'ii bulb ami hemisphere is drawn out into the long olfactory tract. This 
is loelgeel in the olfacteiry sulcus on the orbital surface of the frontal lobe (Figs. 
29, 51). It cemtains olfactory fibers of the second order connecting the' bulb 
with the secondary edfactory centers in the hemisphere. At its point of insertion 
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into the hemisphere the olfactory tract forms a triangular enlargement, the 
olfactory trigone. 

l'rom the* j)omt ot insertion of the oltaetorv hull) or Iract a hand of grav 
matter, the medial olfactory gyrus . can he seen extending toward the medial 
surface ot the hemisphere (Figs. c 2.‘>4, c 2.‘>;>). A similar gray band, the lateral 
olfactory gyrus, runs caudal ward on the basal surface of the sheeps brain. 


Olfactory bulb 


Lateral olfactory gyrus (stria) 
Posterior parolfactory sulcus 
Amygdaloid body 



'f$jk/Medial olfactory gyrus (stria) 


Olfactory tract 
Li men insulce 

Anterior perforated substance 

Hippocampal gyrus 


Fig cue ‘23.). Brain of a human fetus of C-2.;) cm. Ventral view. (Belzius. Jaekson-Morris.) 

Olfactory bulb 
Anterior commissure 

Anterior perforated substance 
.1 mygdaloid body 
Pyriform area 



lira he l 23G. Neutral view of a sheeps brain, pyrilorm area shaded and anterior eonnnissnre 

exposed. 


Along its lateral border it is separated from the neopallium hv the rhinal fissure, 
while its medial border contains a hand ot fibers, the stria olfactona lateralis 
(Fig. 2.‘>4). I he same gyrus is seen in the brain of the human fetus, but here 
it is directed outward toward the insula (Fig. 2B5). In the adult human brain 
these olfactory convolutions are very inconspicuous, and with the fibers from 
the olfactory tract which accompany them are usually designated as the medial 
and lateral olfactory striae (Fig. ol). > ^ 

Between the olfactory trigone and the medial olfactory gyrus, on the one 
hand, and the optic tract on the other, is a depressed area of gray matter known 
as the anterior perforated substance , through the openings of which numerous 
small arteries reach the basal ganglia (Figs. Bl, 2B4). The part immediately 
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rostral lo tlio optic tract 1 01*111 s a l)and ol lighter color, known as the diagonal 
gyrus of tin* rhineuccphalou or llie* diagonal band ol Broca (Mg. 204). lids can 
he followed on to Hie medial surface of the hemisphere, where it is continued 
as the paraterminal body or suheallosal gyrus (Fig. 207). Rostral to this gyrus 
the hippocampal rudiment , whieh corresponds in part to the subcallosal area, 
extends as a narrow hand from the rostrum of the corpus callosum toward the 
medial olfactory gyrus. In those mammals which possess an especially rich 
innervation of the nose and mouth, the region of the anterior perforated space 
is marked by a swelling, sometimes of considerable size, called the tuberculum 
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Fieu hk ‘•237. Diagram of the rhineucephalon. 


oljactoriuni. According to Rctzins, a small oval mass is present in the antciioi 
perforated substance of man immediately adjacent to the olfactoiy tiigone, 
which represents this tubercle. 

The Pyriform Area. The lateral olfactory gyrus is continuous at its caudal 
extremity with the hippocampal gyrus (Mgs. 204, 205), and the two togcthei 
form the pyriform area or lobe (Fig. 20(5). In the adult human brain it is moic 
difficult to demonstrate the continuity of these parts. As the temporal lobe is 
thrust rostrally and the insula becomes depressed, the pyriform area is bent on 
itself like a V (Fig. 205). The knee-like bend forms the limen insulae , and with 
the rest of the insula becomes buried at the* bottom of the lateral fissure. 1 he 
continuity of the pyriform area is not interrupted in the adult, though part of it 
is hidden from view. It includes the lateral olfactory stria and the eoite.x sub¬ 
jacent to it (or lateral olfactory gyrus), the limen insulae , the uncus , and at least 
a part of the* parahippocampal gyrus (Fig. 207). It is not easy to determine just 
how much of the human parahippocampal gyrus should be included. Cajal 
(1 j) 1 1 ) apparently includes the* entire gyrus, while Flliot Smith (101.3) limits 
\{ to the* part of the* gyrus dorsal to the rhinal fissure. In Mg. 2>>/ we ha\e 
followed the outlines of the hippocampal region as given by Brodmann (1000). 
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Ihe Amygdaloid Body. This nuclear group, which is sometimes referred 
to as the archislriatum. is blended with the gray matter near the* tip of the 
interior horn of tin* lateral ventricle (Fig. 219). In lower mammals it lies on the 
floor of this horn but in higher mammals occupies the rostral wall. Belonging to 
the olfactory secondary centers, it has non-olfadorv connections of considerable 
quantity. Like other basal nuclei the amygdaloid complex has a primitive com¬ 
ponent and a more recently acquired portion which developed in higher mam¬ 
mals having more cerebral cortex. The amygdaloid complex includes subdivisions 
or nuclei termed: lateral, basal (and accessory basal), central, medial, cortical, 
and a nucleus of the lateral olfactory trad. Idle lateral and basal nuclear divi¬ 
sions of tlu* amygdaloid complex are the most recent in origin. 

11k* comparative* history of the amygdala implies greater functional signifi¬ 
cance than would be expected from its apparent lack of prominence in the 
human brain. In lowly vertebrates a primordial striatum occurs which is heavily 
connected to the thalamus and to olfactory nuclei. Out of this primitive striatum 
appears an oltactoslriatum. in relation to the amygdaloid complex and pyriform 
cortex, and a somatoslriatum (the future lentiform nucleus) with strong thala¬ 
mic connections. In later vertebrates the hypopallium develops related to the 
neopallium anteriorly and the pyriform cortex posteriorly. In mammals the 
anterior part of the hypopallium is added to the oltactoslriatum to make the 
caudate nucleus, and the posterior part becomes part of the amygdala. The 
amygdaloid body is a roughly ovoid mass (measuring around 2 cm. in length) 
lying at tin* anterior end of the inferior horn of the lateral ventricle (Figs. 
.‘399—99(1). It lies in part beneath the uncus and reaches the surface of the brain 
in a limited area adjacent to the anterior perforate substance. In Fig. 99/5 
the close relationship of the dorsal aspect of the amygdala and the ventral 
surface of the lentiform nucleus is shown where the anterior commissure passes 
between them. Its anterior pole is closely related to the ventral edge of the claus- 
trum. 1 he main efferent pathway of the amygdala is the stria terminalis, and 
the chief source of those fibers is the large celled basal nucleus (Fox. 1949). 
Ihe function of the amygdala is obscure, but for that matter so is that of the 
caudate nucleus (Crosby and Humphrey, 1944: Biaxial. 1947: Jiminez-Cnslel- 
lanos. 1949). However, lii annual experiments destruction of the amygdala can 
result in a gentling effect, diminishing the animals tendency to rage and 
development later of a hypersexual behavior (Schreiner and Kling. 1950). In 
man, damage in the periamygdaloid area (uncus of hippocampus, amygdaloid 
nucleus, claustrum. insula) may result in a type of epilepsy showing automatisms 
during which the* patient loses memory for what lie* is doing. From this it has 
been suggested that the periamygdaloid area has a diffuse regulatory effect 
on other parts of tin* brain since it is apparently involved in the process of 
memory recording and maintenance of the conscious state (Fcindel and IVnfield, 

1994). This region, along with other portions of the limbic lobe, appears to 
have a definite relationship to emotional responses and alerting reactions. 

Connections of the amygdala have been studied with electrical stimulation 
and recording and compared with previous anatomical descriptions by (door 
(1955). This author points out that, while the stria terminalis (Fig. 249) repre- 
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scuts a clearly defined cflereiit pathway from the cortieo-medial port of the 
amygdala, the basolalcral part is connected by shorter paths to subcortical 
projection areas; but there are internal connections between amygdaloid parts. 
The amygdala through these routes or by nmltisynaptic chains can project 
to ncoeortical parts (anterior temporal and insular regions of man), paleocortex 
(pyriform area), and arehicortcx (hippocampus). 1 he lunctions attributed to 
this system are reminiscent of the control of fundamental integrative mecha¬ 
nisms of both somatic and visceral activities of lower forms before the large 
cortical and thalamic development of higher forms occurred in relation to their 
sensory and motor systems and capacity for a greater variety of responses to 
changes in environment. 

O 
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Pari of temporal lobe of human brain showing inferior horn of lateral ventricle and 
the hippocampus. Dorsal view. (Sobotla-McMurrieh.) 


The Hippocampus. An olfactory center of still higher order is represented 
by the hippocampus, which was seen in connection with the study of the lateral 
ventricle. If we turn again to the floor of the inferior horn of the lateral 
ventricle, we shall see a long curved elevation projecting into the cavity (bigs. 
57, 248). This is the hippocampus and is formed by highly specialized cortex 
which has been rolled into the ventricle along the line of the hippocampal 
fissure (Fig. 24(5). It is covered on its ventricular surface by a thin coating of 
white matter, called the alrcus, which is continuous along its medial edge with 
a band of fibers known as the fimbria of the liippocampun. This, in turn, is con¬ 
tinuous with the fornix (Figs. 2.48, 25!)). In Fig. 2.48 there may be seen, along 
the border of the fimbria, a narrow serrated band of gray matter, the fascia 
(Iculala, which lies upon the medial side of the hippocampus. It is separated 
from the parahippocampal gyrus by a shallow groove, called the hippocampal 
fissure, that marks the line along which the hippocampus has been rolled into 
the ventricle. 

The hippocampus and fascia dentala belong to the archipalliuni. In the 
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marsupials and monotrcmes this extends dorsallv on the medial surface of the 
hemisphere in a curve, which suggests that of the corpus callosum (Fig. 280). 
In the higher mammals the presence of a massive corpus callosum seems to 
inhibit the development of the adjacent part of the hippocampal formation, 
which remains as the vestigial indusium griscum, or supracallosal gyrus. This 
hippocampal rudiment is a thin layer of gray matter on the dorsal surface of 
the coi pus callosum, within which are found delicate strands of longitudinal 
fibers. 1 wo of these strands, placed close together on either side of the median 
plane, are more conspicuous than the others, and arc known as the medial louiji- 
tiulimd striae (Fig. 52). On either side, where the supracallosal gyrus bounds 
the sulcus of the corpus callosum, there is a less distinct strand, the lateral 
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Figvrr -30. Median view ol tlie cerebral hemisphere of a monotreme Ornithorhyncluis. (Elliot 

Smith.) 


longitudinal stria. 1 he hippocampal rudiment can be traced upon the medial 
surface of the hemisphere from the region of the medial olfactory gyrus (or 
stria) toward the rostrum of the corpus callosum, then around the dorsal surface 
of that great commissure to the splenium, behind which it becomes continuous 
with the hippocampus proper, where this comes to the surface in the angle 
between the fascia dentata and the parahippocampal gyrus (Fig. 287: Elliot 
Smith, 1015). Research increasingly reveals functions other than olfactory with 
which the hippocampus is associated (Brodal, 1047). In addition to the points 
mentioned in connection with the pcriamygdaloid area, selective destruction 
of the hippocampus in animals has been found to eliminate certain previously 
established conditioned emotional responses and reconditioning in such animals 
is difficult (Brady, 1050). 

I he Fornix. Within the hippocampus fibers arise which run through the 
white coat on its ventricular surface, known as the alreus , into the fimbria. This 
is a thin band of fibers, running along the medial surface of the hippocampus 
and joining with the alveus to form the floor of the inferior horn of the lateral 
ventricle (Figs. 238, 240). The fimbria increases in volume as it is traced toward 
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the spirillum of llie corpus callosum, to the under surface ot which il becomes 
applied, where, together with its lellow ot llu' opposite side, it tonus the tormw 
There is some evidence that the tormx also carries fibers arising' in the septal 
region and passing to the anterior temporal cortex (Maclardy, 195;)). Nanta 
(1!)5(>) has traced direct hippocampal pathways to the septal region, the pre¬ 
optic region, the midline and anterior nuclei of the thalamus, mammillary 
and other hypothalamic areas. 

The fornix , which is represented diagrammatically in hig. 240, is an arched 
fiber tract, consisting of two symmetric lateral halves, which are separate at 
either extremity, but joined together beneath the corpus callosum. I his medially 
placed portion is known as the body of the fornix. From its caudal extremity 
the fimbriae diverge, and one of them runs along the medial aspect ot each 
hippocampus. In man the hippocampus does not reach the under surface ot the 
corpus callosum, and the part of the fimbria which joins the body of the 
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Fiona-; 240. Diagram of 11 le fornix. 

fornix, being unaccompanied by hippocampus, is known as the crus formas. 
Uostrally the fornix is continued as two arched pillars, the coluinnac formas, 
to the mammillary bodies. 

The body of the fornix is triangular, with its apex directed roslrally. It 
consists in large part of two longitudinal bundles of libers, representing the 
continuation of the fimbriae, widely separated at the base of the triangle, but 
closely approximated at the apex, whence they are continued as the columnae 
fornieis. At the point where these longitudinal bundles diverge toward the 
base of the triangle they are united by transverse fibers which join together 
the two hippocampi by way ot tin* fimbriae. I liese fibers constitute the com¬ 
missure of the fornix (Fig. 5S). This part of the fornix, because of its resemblance 
to a harp, was formerly known as the psnllcrium. 

The coluniuac formas are round taseieles which can be traced ventrall\ 
in an arched course to the mammillary bodies (Figs. 240, 242). They are placed 
on cither side of the median plane. Each consists ot an initial free portion, 
which forms the rostral boundary of the interventricular foramen, and a covered 
part, which runs through tin* gray matter in the lateral wall of the third 
ventricle to reach the mammillary body. 
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Tlie relations oj the jorni.v arc well shown in Figs. 202, <2.37, and 242. The 
body ol the fornix intervenes between the corpus callosum, septum pelhieidimi, 
and cavity of the lateral ventricle on the one hand, and the transverse fissure 
of the cerebrum and the thalamus on the other. The fimbria and body of the 
fornix form one boundary of the chorioid fissure. This fissure, which is shown 
but not labeled in big. 242, represents the line along which the chorioid plexus 
is invaginalcd into the lateral ventricle. When this plexus has been torn out, 
the fissure communicates with the interventricular foramen. 
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Figure 241. Dissection of the cerebral hemisphere of the sheep to show the fornix amt hippocampus. 

Median view. 


The septum pellucidtim is the thin wall which separates the two lateral 
ventricles and fills in the triangular interval between the fornix and the corpus 
callosum (Fig. 242). It-consists of two thin vertical laminae separated by a 
cleft-like interval, the cavity of the septum pellucidum (Fig. 50). Each lamina 
forms part of the medial wall of the corresponding hemisphere and the cavity, 
although sometimes called the fifth ventricle, develops as a cleft within the 
lamina tcnninalis and, therefore, bears no relation to the true brain ventricles, 
which are expansions of the original lumen of the neural tube. 


Posteriorly is found at times another space called llie sixth ventricle (of Yerjia) limited laterally 
by the crus of the lornix, dor.sally by the corpus callosum, posteriorly by the spleniinn, and Neu¬ 
trally by the hippocampal commissure. Like the cavum septi pellucidi it is not a part of the ven¬ 
tricular system. 

* 

* 

The anterior commissure, like the hippocampal commissure, belongs to the 
rhineneephalon. Il is a rounded fascicle which crosses the median plain' in Ihe 
dorsal pari of the lamina lerminalis just rostral to the colnmnae fornicis (Fig. 
242). In a frontal section of the brain, like that represented in Fig. 221. it can 
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l)c lraced laloralward through (lie most ventral part ot llie lcntiforiii nucleus. 
It consists of two parts (Fig. ~4.‘>). 01 those, the more rostral is shaped like a 
horseshoe and joins together the two olfactory bulbs with fibers also passing 
to the anterior olfactory nucleus and tin* olfactory tubercle. 1 his part can be 
readily dissected out in the sheep's brain (Fig. <2.4(1), but is poorly developed 
in man. The remaining portion, and in man the chief component, joins the 
pyriform areas of the two hemispheres together (( ajal, 11)11). I'ox et al. (11)48) 
have traced in the monkey brain with the Marchi method the larger posterior 
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Figure 24 > 2 . Dissection of the human cerebral hemisphere to show the fornix. Median view. 

(Sobol l a-MeM u r rich.) 


part of the anterior commissure to the external capsule and observed its distri¬ 
bution for the most part to the cortex of the middle temporal gyrus. In the rat 
it has been shown that other fibers reach parts of the amygdaloid nuclei and 
the pyriform area (Brodal, 11)48). 

Cajal has carried out extensive investigations concerning the structure and 
connections of the olfactory parts ol the brain both in man and the smaller 
macrosmatic mammals, especially the mouse. 11 is results, which differ in many 
respects from the ideas previously current, have been brought together in his 
“Histologic du Systeme Nerveux," Vol. II, pp. 046-823. The account which 
follows is largely based on his work. 

Structure and Connections of the Rhinenccphalon. In the olfactory portion 
of the nasal mucous membrane there are located bipolar sensorp cells , each with 
a thick peripheral process, the ciliated extremity ot which reaches the surface 
of the epithelium. These arc the olfactory neurons of the first order, and their 
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slender central processes are the unmyelinated axons which constitute the 
olfactory nerves. These fibers are gathered into numerous small bundles, the 
filaments of the olfactory nerve, which pass through the cribriform plate of the 
ethmoid hone and immediately enter the olfactory hull) (Fig. ‘■244). Here they 
form a felt work of interlacing fibers over that surface of the bulb which is in 
contact with the cribriform plate. 



Fuiumo *2 13. Horizontal section of the rostral portion of the cerebral hemispheres of a mouse to 
show the anterior commissure. Golgi method. A. Anterior and li % posterior portions of anterior com¬ 
missure; 1), fibers Irom the stria lerminalis; C\ anterior column of the fornix. (Cajal.) 


It has been reported that in the frog the olfactory epithelium and its con¬ 
tained neurons will regenerate after removal, and fibers of the olfactory nerve 
grow from the newly regenerated epithelium back to the olfactory hull). This 
is remarkable .since it implies the development of nerve cells from epithelial 
cells in the adult amphibian. Such an occuycncc in mammals is probably not 
to be (expected (Smith, 1951). 

The olfactory bulb of man is solid, and the original cavity is represented 
by a central gray mass of neuroglia. This is surrounded by a deep layer of mye¬ 
linated nerve fibers passing to and from the olfactory tract. Superficial to this 
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aiv several layers of gray waller of very characteristic .structure, and this, in 
turn, is covered with the superficial layer aj unmyelinated fibers from the olfac¬ 
tory nerve filaments. Within the gray matter of tin* hull) are found three types of 
neurons , the mitral, tufted, and granule cells. The large mitral veils are the most 
characteristic element, and their perikarya are closely grouped together, forming 
a well defined layer (Fig. '■245, C). The tujled cells are smaller and more super- 



Fineurc y 14. Diagram showing the direction of conduction in llu* olfactory nerve, hull) and tract: 
A, lateral olfactory stria; It, anterior portion of the anterior commissure: t\ bipolar cells of the 
olfactory mucous membrane. (Cajal.) 


fically placed (Fig. 245, H). The larger dendrites from hollt these types of 
neurons are directed toward the superficial fiber layer. Each of these dendrites 
breaks up into many branches, which form a compact, rounded, bushy terminal. 
The terminal ramifications of olfactory nerve fibers interlace with these 
dendritic branches, and the two together form a'circumscribed, more or less 
spheric olfactory (jlomcndns (Fig. 245, 4). These* relations were demonstrated 
by Cajal, in 1890, and possess considerable theoretic and historic interest. 
Since in these glomeruli I he olfactory nerve fibers come into contact with only 
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the dendritic ramifications of the mitral and tufted colls, it is evident that these 
dendrites must take up and transmit the olfactory impulses. Thai is to say. 
these glomeruli furnished positive proof that the dendrites are not. as had 
been thought by many investigators, merely root-like branches which serve* 
for the nutrition of the cell. The mitral cells are larger than the tufted cells 



Fiona: 24.». Section of the olfactory bulb of a kitten. Golgi method, t. Layer of glomeruli: />, 
external plexilorm layer: (\ layer of mitral cells: I), internal plexilorm layer: /•„. layer of granules 
and while substance: /. ./. granule cells: a. b, glomeruli, showing the terminations of the olfactory 
nerve fibers; e. glomerulus, showing the terminal arborization of a dendrite of a mitral cell; <L 
lulled cells; c, mitral cell: //. recurrent collateral from an axon of a mitral cell. (Cajal.) 


and their axons are thicker. These coarse (irons are directed for the most 
into the lateral olfactory stria, while the finer axons of the tufted cells 
through the anterior commissure to the opposite olfactory bulb (Fig. 
Allison. 1953). The axons of the deeply placed granule cells are relatively 
and are directed toward the surface of the bulb. 
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The olfactory tract consist* of fibers passing to and from the olfactory bulb. 
4 hrougli it each bulb receives fibers from the other by way of tin* anterior 
commissure as well as from the hippocampal cortex. Idle fibers leaving the 
olfactory bulb are the axons of the initial and tufted cells. Bv far the "renter 
number ol the axons ol tin* mitral cells are continued into the lateral olfactory 
stria. A much smaller number terminates in the olfactory trigone and in the 
tubcreulum ollaelorium within tin' anterior perforated substance. Other fibers 
pass by way of the medial olfactory stria to the parolfactory area of Broca, 
to the subcallosal gyrus, and to the septal area. The fibers of the lateral olfactory 
stria run upon the surface of the lateral oljactorjj i/yrus , also known as the 
frontal olfactory cortex, to which they give off collaterals (Fig. <244). Fibers 
are distributed to the central and medial amygdaloid nuclei. I lie terminal fibers 
reach the uncus and part of the hippocampal gyrus. The chief olfactory centers 
of the second order are, therefore, found in the pyriform area. Prominent among 
the secondary centers in most mammals is the anterior olfactory nucleus, which 
occupies an area where the olfactory tract reaches the hemisphere, lying just 
anterior to the olfactory tubercle, and m lower forms extending along the tract 
and even into the olfactory bulb. 

According lo Cnjal (l!)ll). the para hippocampal gyrus may be subdivided in man. as in the 
mammals, into five areas: (1) the external region near the rhinal fissure; pi) the principal olfactory 
region, the most salient part ol the convolution; (3) the presnbieuhim, a transitional area between 
' and 4; ( f) the subienlum. near the hippocampal fissure, and (.->) the caudal olfactory region, 
including the caudal part of the parahippocampal gyrus. Of these five regions. Cnjal finds fibers from 
the lateral olfactory stria going to the second or principal olfactory region only. The presubiculmn 
and subienlum and the caudal olfactory region represent olfactory association centers. The subicu- 
hnu is characterized by the presence ol a thick layer ol myelinated fibers upon its surface. 

The hippocampus, which constitutes an olfactory center of a still higher 
order, is directly continuous with the portion of the parahippocampal gyrus 
known as the subienlum (Fig. <24(>), and is formed by a primitive portion of the 
cortex that has been rolled into the ventricle along the line of the hippocampal 
fissure. I pon its ventricular surface it is covered by a thin layer of white 
matter, known as the alveus, through which the libers arising in the hippo¬ 
campus reach the fimbria and the fornix. Beginning at the lino of separation 
from the fascia dcnlala, we may enumerate the constituent layers of the hippo¬ 
campus as follows: the molecular layer, the layer of pyramidal cells, and the 
layer of polymorphic cells (Figs. <240, <247). 

The molecular layer contains a superficial stratum of tanyential fibers 
derived from the corresponding layer of the subienlum and from bundles of 
fibers that perforate the cortex of the subienlum (Fig. c 247). More deeply placed 
is another fiber layer, containing collaterals from the pyramidal cells as well 
as collateral and terminal fibers from the alveus, and known as the stratum 
lacunosum. The molecular stratum in the hippocampus resembles that in 
other parts of tin* cortex in containing the terminal branches of the apical 
dendrites from the pyramidal cells, and a few nerve cells which for the most 
part belong lo Golgi's Type II. 

The Layer of Pyramidal Cells. The pyramidal cells are all of medium size 
and their fusiform bodies arc rather closely packed together, forming a well 
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defined zone, lhe slralum lueidum. Their apical dendrites are directed toward 
the molecular layer and form the chief constituent of the slralum radial urn. 
The axons of these cells, after giving off collaterals, enter the alveus. 

The layer of polymorphic cells , also known as the slralum oricus , contain 
cells of Marlinotli, which send their axons into the* molecular layer, and still 
other cells the axons of which enter the alveus. 

The alrcus is a thin white slralum which separates the preceding layer 
from the ventricle. It is continuous, on the one hand, with the white center of 
the hippocampal gyrus, and on the other with the fimbria. Through it the 
efferent fibers of the hippocampus enter the fimbria and fornix. The fibers 
of the commissure of the fornix are also carried in the fimbria and enter the 
hippocampus through the alveus. 

The fascia dentata also belongs to the nrchipallium and is closely related 
to the hippocampus, which it resembles somewhat in the structure of its three 
strata: the molecular layer, granule layer , and layer oj poly morph ie cells (Fig. 
l 247). The granules may be regarded as modified pyramidal cells of small si/e, 
ovoid or fusiform in shape. Each possesses instead of a single apical dendrite 
two or three branching processes which extend into the molecular layer. The 
axons are directed into the layer of pyramidal cells of the hippocampus. Origin¬ 
ally this layer of pyramidal cells was continuous with the granule layer of the 
fascia dentata, but in all the higher mammals a break in this cellular stratum 
has occurred at the point of transition between the two divisions of the 
nrchipallium. 

THE OLFACTORY PATHWAYS 

The general pattern of connection of the olfactory tracts has been briefly 
described earlier in this chapter. Some additional points relating to cortical 
connections and efferent paths arc of interest. 

Impulses reach the glomeruli of the olfactory bulb along the fibers of the 
olfactorv nerve and are here* transferred to the dendrites of the mitral cells. 

t 

Axons arising from these cells and running in the lateral olfactory stria transmit 
the impulses to the pyriform area (Fig. c 244), whence they are conveyed to the 
hippocampus and fascia dentata by fibers entering the molecular layer in both 
of these parts of the hippocampal formation (Fig. '■24?). 

Accor*lino- |<> Cajah lite filters of Ihc lateral olfaelory stria Icrminnlc in iho principal olfactory 
region of the parahippocampal gyrus, and llicre arc present willtin Ihc cortex ol tin* pyriform area 
sagittal association fibers which anile tin* principal olfaelory region with the caudal olfaelory 
region of Ihc hippocampal gyms, From this hitler region fibers reach ihe hippocampus and lascia 
dentata. These art* relatively thick filters which arc found at firsl in the angle of the snltieiilnm 
and ran be traced through all the layers ol that eenlcr into the molecular layer ol ihe hippocampus 
and fascia dentata (Fig. "2 17, H). Within Ihe molecular layer the impulses are transferred from 
these fibers lo the dendriles of the pyramidal and granule cells. 

Tlir efferent fibers from the hippocampus represent the axons ol* the pyra¬ 
midal rolls. Those penetrate Ihe slralum orieiis and onlor llte alvotis (Fi<g\ Tlo). 
Tlionoe lliev are con L in tied inlo llir fimbria and fornix. Tliev i n c 1 11 < I <' both 

i t 

commissural and projection libers. The eonnuissurul fibers serve lo unite the 
two hi|>|»(>c«*impi ; 111 d run through lh(' commissure of lh<‘ fornix ns the tninsviT.se 
libers of the psallerium. The projection fibers are continued rostrallv. and in 
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their course through the body of the fornix they form on cither side of the 
median plane a longitudinal bundle, which is continued into the columna fornicis 
(big. £40). The latter bends candidly into the hypothalamic region, giving off 
fibers to the mammillary body where most of them end. The remaining fibers 
undergo a decussation just behind the mammillary body and are continued in 
the reticular formation of the brain stein (Fig. £48). It will be obvious that the 
fornix is the efferent projection tract of the archipallium and serves to convey 



Figure l 2 IS. Olfactory connections of the <licncephalon: a. Olfnctohabcnular fibers; ac\ anterior 
commissure; am* amv<»<la]oi<l nucleus; />, septoluibcnular and eorticohabcnular tract; c, stria medid- 
laris; co. cortex; <7, lectoliabennlar and liabenulotectal fibers; rfl t dorsal tegmental nuclens; e. habenn- 
lodiencephalic and ilia lamoliabeuu lar fibers; /, liabenido])ediiucular libers; ////, interventricular 
foramen; () t habenulotegmeutal fibers; ////, gyrus subeallosus; //. fimbria; /me. external habenular 
nucleus; hoi* internal habenular nucleus; ///, hippocampus; i, fornix; //>. inter])e<liincular nucleus; 
j. corlicohy pot halamic (and sept oliypot lia lainic) fibers; L\ ma mini I lot lialamic fibers; /. mammillo- 
tegmental fibers; lo* lateral olfactory area; /x, lateral olfactory stria; ///. mammillary peduncle; m\* 
nucleus of Mrynerts habenulo])ednnc‘ular tract; nn\ external mammillary nucleus; ////, internal 
mammillary nucleus; mo* medial olfactory area; ms* medial olfactory stria; //. pcdimeulotegmental 
fibers; o. dorsal longitudinal fasciculus of Sclmltze; or, optic chiasm: pr* preoptie area; s* bulbar 
centers; xe. superior colliculus; x/, striatum; /(\ tuber cinereum; I\ motor nucleus of the fifth 
nerve; 17/. motor nucleus of the seventh nerve: /, anterior dorsal nucleus; 7, anterior medial 
nucleus; 7. anterior ventral nucleus. (Huber and Crosby.) 


impulses from the hippocampus lo the hypothalamus and reticular formation 
of the brain stem. Through the mammillary bodies olfactory impulses are 
relaved along the mammillolhalamie tract to the anterior nucleus of the thala- 
mils, and along the mammillotcgniciilal buwjlc lo the tegmentum of the pons 
and medulla oblongata (F'ig. £48, A\ /). 

'The medial forebrain bundle (Fig. £01). £14. MFB) connects the ventro¬ 
medial olfactory centers with the hypothalamus and with the preoplic area 
roUral and dorsal to the optic chiasma. It runs caudalward through the lateral 
part of the hypothalamus into the mesencephalic tegmentum (Fig. £18, 11L). 
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Physiologic evidence indicates that the medial lorebrain bundle is joined by 
descending libers arising in tin* hypothalamus. The bundle carries both ascend¬ 
ing and descending lib( v rs and is apparently concerned with the correlation ol 
olfactory impulses with visceral afferent impulses and so with appropriate 
activities involving these. It contains an ancient descending pathway from the 
olfactoslriaturn, which is the precursor of the head of the emulate nucleus, and 
another from the amygdala and pyriform lobe, the olfactory projection tract 
of Cajal. 

The stria incdullaris thaianii consists of fibers which arise in the medial 
olfactory area, subcallosal gyrus, preoptic area, and amygdaloid nuclei. 'The 
fibers converge to form a bundle that runs backward to the habenular nucleus 
(Fig. l 24S. ((). For some distance in front of the habenular trigone the stria 
medullaris lies along the dorsomedial border of the thalamus (Figs. 41. t-i). 

The stria tcrminalis is a delicate fascicle of nerve fibers which lies in the sul¬ 
cus between the thalamus and caudate nucleus (Fig. 5(5). and accompanies the 
tail of the latter in the roof of the inferior horn of the lateral ventricle. It contains 
commissural fibers, joining the amygdaloid nuclei of the two sides, and pro¬ 
jection fibers, the majority of which take origin from the amygdaloid nucleus, 
particularly the basal nucleus. After following the curved course of the caudate 
nucleus, it bends veil trad toward the anterior commissure to which it contributes 
fibers. The majority of the fibers, however, enter the preoptic region and hypo¬ 
thalamus. 

The anterior perforated substance, or at least its more rostral part, which 
corresponds to the tuberculum olfactorium of macrosmatic mammals, receives 
besides fibers from the olfaclorv tract other afferent fibers which, according to 
Fdingcr (11)11), come from the pons, perhaps from the sensory nucleus of the 
trigeminal nerve. It is probably “especially concerned with the feeding reflexes 
of the snout or muzzle, including smell, touch, taste, and muscular sensibility, 
a physiologic complex which Fdingcr has called collectively the ‘oral sense'’ 
(Herrick, 11)18). 

The reception of olfactory and gustatory impulses and of visceral afferent 
impulses can not be set apart as isolated functions of portions of the brain. The 
hippocampus is not exclusively olfactory nor is the rest of the somatic cortex 
unrelated to olfaclorv associations. Manv of the subconscious activities of 

i t 

visceral structures are influenced by the olfactory mechanism, and somatic 
activities in feeding mechanisms must be intimately related to it. 

The rhincncephalon is not as conspicuous clinically as the fundamental 
importance of its connections might imply. The testing of olfactory sensibility 
is commonly neglected, and a patient may even be unaware of his own anosmia. 
But there is a clinical entity associated with lesions within or in the neighbor¬ 
hood of the anterior end of the hippocampus (the uncus or gyrus uncinalus). 
Such lesions may be associated with attacks called uncinate Jits , characterized 
by olfactory hallucinations, usually disagreeable, and a sense of unreality, plus 
at l imes actual convulsions and transient loss of I lie sense of smell and taste. 
In IVnficld's experience olfactory sensations resulting from cortical stimulation 
in conscious patients arc commonly disagreeable. 
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The Cerebral Cortex 


1 lie study ol llii' cerebral cortex is ol interest to the psychologist who exaiuincs 
il L1 11*011 «>-1 1 (he normal behavior of the individual: the psychiatrist, who has an 
added interest in abnormal behavior: the physiologist, who is concerned with 
the Innelion ol specific parts, and the anatomist, whoso interest allows a 
description ol many, but not all as yet, ol the details of its structure. Kven l his 
segregation ol interests is artificial since here as much as in any bodily part 
Innelion and structure are inseparable companions. However, the study of the 
gross and microscopic structure ol tin* corlex can be a useful beginning to a 
consideration of its functions. 

but as th is study is undertaken we should remain aware of two significant 
points ol view: hirst, this is tin* region of the brain with which we eventually 
come to deal when considering the higher thought processes, memory, speech 
and consciousness. It is Iheretorc the portion of the brain which must study 
it sell. Its accomplishments, il listed, would include all the artifacts of civilization, 
including the libraries and the contents of the printed pages they contain. 
Second, as anatomists and physiologists we assume that the entire gamut of 
lunclious ol the brain depends wholly upon the transmission of nerve impulses 
over neurons. 11 might appear that the lunclious thus contemplated would bo 
loo numerous for the neurons contained, but il is worth noting that even in 
the shrew with a brain weight ol about one quarter of a gram the neurons 
number Mx!0 <; (Kyzen el al., l!)5;>). Man's corlex has 7,000 million neurons 
(Shariff, lOa.O). 

Il i- s (, l hirlhcr interest in contemplating the changes, mental and physical, 
that occur in man with ago that the number of cells in the cerebral cortex 
decreases with increasing age, the change living chiefly in the granular cell layers 
(Brody, 1 !).>;>). 

I he cerebral cortex hums a convoluted gray lamina, covering the cerebral 
hemisphere, and varies in thickness from 4 > 11111 . in the anterior central <»vrus 
to I xb) min. near tin* occipital polo. About half of the corlex forms the walls 
ol sulci and .so is imexposcd on tin* surface. The organization of the cortex in 
the higher mammals is similar to that in man. and the increase in fissures and 
g.vri in man is accompanied by an increase in cortical surface area rather than 
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Fua ue Sclicmalic sections of cere- 

lual ixy i'i showing the alternate lighter 
anil darker hands which compose the 
cerebral cortex: I shows the layers as 
seen in most parts of the cerebral cortex: 
'i. the layers as seen in the region of the 
calcarine fissure. (Baillarger. Qnain’s 
Anatomy.) 


cortical thickness (Harman, 11)47; Krieg, 11) fl)). When sections through a tresit 
brain arc examined macroseopieally, the cortex is seen to be compost'd ot 
alternating lighter and thirkt'i* bands, the light stripes being prodnet'd by 

aggregations of myelinated nerve fibers (Fig. 24!)). 

Nerve Fibers. In addition to a very thin superficial white layer of 

tangential fibers , there are in most parts of the cerebral cortex two well defined 

white bands, the inner and outer lines of 
2 l Baillarger (Figs. 241), 2.52). l'hese two bands 

contain large numbers of myelinated nerve 
fibers running in plant's parallel l<> the sur¬ 
face of the cortex. In flit' region of the 

calcarine fissure only tlit' outer line is visible; 
but this is very conspicuous and is here 

known as tilt' line of Gennari. Myelinated 
fibers enter the cortex from the white center 
in bundles that in general have a direction 
perpendicular to the surface of the cortex. 
These bundles radiate into each convolution 
from its central white core and separate the 
nerve cells into columnar groups, thus giv¬ 
ing the cortex a radial striation (Fig. 252). 

Many of the fibers in these radial bundles are cortieifugoL representing the 
axons of the pyramidal and fusiform cells of the cortex. Within the medullary 
center they run (1) as association fibers to other parts of the cortex ot the 
same hemisphere, (2) as commissural fibers through the corpus callosum to 
the opposite hemisphere, or (!>) as projection fibers to the thalamus and lower 
lying centers. The others arc corticipetal and arc derived in part from the 
thalamic radiation, but an even greater number ot them are the terminal 
portions of association and commissural fibers from other parts of the cortex. 
Many of these fibers end in the most superficial stratum of the cortex, the 
molecular layer, where the terminal branches of the apical dendrites of the 
pyramidal cells are widely expanded (Fig. 251). Others terminate as indicated 
in Fig. 250, where they are seen forming a close network of unmyelinated 
fibers. Enmeshed in the dense fiber plexus indicated at B, Fig. 250, are the 
pyramidal cells illustrated in Layer III ot Fig. 252. 

The nerve cells of the cortex art' disposed in fairly definite layers as indicated 
in Fig. 252. W r c may enumerate five well recognized varieties; (1) pyramidal, 
(2) granule, (!>) fusiform cells, (4) the horizontal cells ot Cajal, and (5) the 
cells of MartinolLi. 

The pyramidal cells arc the most numerous and are classified as small, 
medium, large, and giant pyramidal cells (Fig. 252). From the base ot a pyram¬ 
idal coll body an axon extends toward the subjacent white matter, giving 
off collaterals which ramify in the adjacent cortex (Fig. SO). 1 he dendrites are 
of two kinds; a large apical dendrite and numerous smaller ones attached to 
the base and sides of tin' pyramid. The apical dendrite appears as an extension 
of the cell body and is directed toward the surface ot tin* cortex, near which it 
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ends in spreading l)ranehes. Its length varies with the depth of the eell body 
irom the surfaee. To an even greater extent than other dendrites it is provided 
with short thorny processes called "spines or "gcmmules.'* 

I he granule cells, also known a> stellate cells, are lor the* most part of small 
size, and their short axons branch repeatedly and terminate in the neighborhood 



Fiona-: -SO. From Ihc anterior central gyrus of 
the human cerebral cortex, .showing the terminations 
of eortieipetal fibers; a. h. Afferent fibers; IE dense 
network produced by the terminal branches of such 
fibers. Golgi method. (Cajal.) 



I* Kii’KK k 2.VI. Nerve cells and neuroglia 
Irom the cerebral cortex: .1. Neuroglia; />. 
horizontal cell of ( ajal: C, pyramidal cells; 
/). cell of Martinotti; E. stellate cell: E. fusi¬ 
form cell. 


ot the cell of origin. I hat is to say. they are cells of Golgi s Type II. Although 
they occur in most layers ot the cortex, they are especially numerous in the 
second and fourth strata which are accordingly designated as external and 
internal granular layers (Fig. *251 ,E; 252). 

The cells of Martinotti, which are also found in most of the cortical strata, 
have this as their distinguishing characteristic, that their axons are directed 
toward the surface of the cortex and ramify in the superficial layer (Fig. 251, D). 
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The horizontal cells of Cajal, which are present only in the superficial layer, 
are fusiform, with long* branching dendrites directed horizontally. 1 heir axons 
form tangential fibers in the superficial layer (Fig. 251 .11). 

Fusiform or polymorphous cells are found in the deepest stratum of the 
cortex (Figs. 251, 252). Their axons enter the subjacent white matter. 



Fiona*: '25 t 2. Diagram of the structure of the cerebral cortex: 7. Molecular layer; //. external 
granular layer; III. layer of pyramidal cells; IV. internal granular layer; 1. ganglionic layer; 1 /. 
layer of fusiform or polymorphic cells; •>’</*, band ol Beehlercw; outer band ol Baillarger; fib, inner 
band of Baillarger. (Brodmann.) 


Lamination. The size and type of cells found in the cortex vary at different 
depths from the surface, lhal is to say, the cells are disposed in fairly definite 
layers. As already indicated, many of the myelinated filters are arranged in 
bands parallel to the surface. By means of this cell and fiber lamination Brod¬ 
mann (1909) recognized six layers in the cerebral cortex (Fig. 252). Other 
authors, notably Campbell (1905) and Cajal (1900), numbered these layers 
somewhat differently. Moreover, the arrangement varies in different parts of 
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the cortex. In certain regions one or more of the strata may be reduced, enlarged, 
or subdivided. 1 lit' six layers are as follows: 

1. The molecular layer (plcxiform layer) is the most superficial. It contains 
the superficial band ot tangential myelinated fibers and many neuroglia cells. 

1 he nerve cells, which are not numerous, are of two kinds: horizontal cells of 
Cajal, and granule colls. Within this layer ramify the terminal branches of the 
apical dendrites from the pyramidal cells of the deeper layers. 

I he external granular layer, al>o known as the layer of small pyramidal 
cells, contains a large number of small nerve cells. Some of these are small 
pyramids with axons running to the white center of the hemisphere. Others 
belong to the short-axoned group (Golgi's hype 11 or granule cells). 

3. The layer of pyramidal cells may be subdivided into two substrata, the 
more superficial stratum containing chiefly medium-sized pyramids and the 
deeper one chiefly large pyramids. There are also present granule cells and cells 
of Martinotli. According to Cajal (11)00—190(1) and Campbell (1905), it is within 
this layer that the outer stripe of Baillarger is located, but Brodmann places 
this line in the next Inver. 

4. t he internal granular layer or layer of small stellate cells is characterized 
by the presence of a large number of small multipolar cells with short axons 
(granule cells of Golgi's Type If). Scattered among these are small pyramids. 
Brodmann places the outer line of Baillarger in this stratum, as does von Bonin. 

It is within the outer stripe of Baillarger that the axons forming the stripe 
synapse with the basal dendrites of the deeper pyramidal cells of layer three 
(axo-dendritic .synapses). 

The fourth layer is at times subdivided, and in its outer layer it is con¬ 
sidered that synapses occur between axons in the outer stripe of Baillarger and 
the body of the deeper pyramidal cells (axo-somatic synapses). 

5. The ganglionic layer or deep layer of large pyramidal cells contains 
pyramidal cells, which in most parts of the hemisphere are smaller than those 
in the deeper strata of the third layer. Axons of some pyramidal cells in this 
layer give off collaterals which ramify in the cortex and then course to sub¬ 
cortical regions as projection fibers. In the motor region it contains the giant 
pyramidal cells of Betz,'which give origin to some of the fibers of the* cortico¬ 
spinal tract. The apical dendrites of these cells are very long and, like those 
of the more superficial pyramidal cells, reach and ramify within the molecular 
layer. Axons of some of the inner cells of this layer appear to run through the 
corpus callosum to the opposite cortex. The horizontal fibers of Baillarger's 
internal line are found in this layer in most of the cortical areas, though it is 
sometimes considered to belong to laver (i. 

0. The layer of fusiform or polymorphic cells contains irregular fusiform 
and angular cells, the axons of which enter the subjacent white mailer. 

The internal granular layer (4) and the*1 wo supragranular layers and 3) 
are probably receptive and associative in function and most of the afferent 
fibers of the cortex terminate in them (Fig. L 250). The infragranular layers (5 
and (>) are mainly corticifugal and commissural (Kappers, 1909). 

The cells and connections in the cortex cerebri have an arrangement which. 
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ho\V('V( i r complicated in appearance, can l>c shown to possess certain principles 
that air common to oilier regions of the nervous system. I he <*ai*l\ r observations 
of Cajal and the recent ones of Loren to dc No have emphasized them. 

Reverberating Circuits. There is in the branching of fillers that enter the 
cortical layers from other sources a mechanism ot spreading the entering 
impulses to a number of cells whose cell bodies and dendrites are in the area. 
Further extension and continuation of such an influence is made possible through 
the intrinsic cells with short axons that branch about in the various layers. 
From a region thus activated efferent impulses may be started on their way 
toward adjacent cortical areas or along eortieifugal fibers, the axons ot pyram¬ 
idal cells. However, this does not end the matter for when an impulse passes 
from the cortex by way of a pyramidal cell axon, il can also return to the 
cortex nearbv along collateral branches of the original axon, and activate 
neighboring cells, which can in a similar manner perpetuate the activity. 1 he 
smaller intrinsic neurons of the cortex are likewise organized so that reverberat¬ 
ing circuits mav maintain cortical activity. With commissural and the shorter 
and longer association neurons impulses may after entering the cortex be sent 
about for a considerable time and involve a large number ot nerve cells. A 
brief sensory experience sending impulses into the cortex may be followed by 
prolonged activity there in addition to the external response. Perhaps even 
memory may be explainable in this “storage" of impulses in reverberating 
circuits. 

Electrical evidence of the activity of the cerebral cortex is available in the 
study of the clcctroencephalographic recording. Alterations in the electrical 
variations recorded from the cerebral cortex are produced by attention, mental 
work, sleep; chemical alterations in the blood, as for example, the level ot 
blood sugar; cortical damage; physiologic alteration of other parts of the nervous 
system which may impress their rhythm on llu 1 cortex. Eccles (11)51) suggests 
that the common 10-pcr-seeond rhythm in the resting electroencephalogram 
can be explained by circulation of impulses in closed self-reexciting chains. lie 
points out that after the discharge of an impulse' a neuron develops a positive 
after-potential, associated with depressed excitability which is deepest about 
0.015 second after the impulse passes. The recovery of the neuron is gradual, 
being about complete ouc-lenlh of a second after the impulse. It is then ready 
for activation by the impulses circulating in the closed circuits with which il is 
connected. Entrance of other influences from outside the region could alter 
both the frequency and amplitude of the rhythm by increasing or decreasing 
the synchrony. Such a theory would still allow for the occurrence of spontaneous 
rhythmic activity in neurons which may ho basic to the electroencephalogram. 

Cortical Areas. The cerebral cortex does not have a uniform histologic 
structure throughout all parts of the hemisphere. Due to the work of Campbell 
(!!)()">), Brodmann (1!)()!)), and von Economo (I!F2!)), and others, many different 
cortical areas have been described as having individual characteristics. These 
areas differ from one another in the thickness and composition of the cellular 
la vers, in the thickness of the cortex as a whole, in the number of afferent 
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and efferent fibers and in the number, distinctness, and position of tlie white 

striae. 1 he existence and general boundaries of some of these regions arc* now 

well established, and as a result of experimental and pathologic research it is 

known that specific differences in function are correlated with these differences 

in structure. 1 he differences in thickness of the cortex and in the arrangement 

of the white striae* can in some instance's be deteeteel with the* unaided eve. 

* 

From the eyto-architcctiire three general types of cortical areas can be 
identified, the hoiuot y picaL hetcroty picul and komocortc.v (vem Bonin, 19,50). 
The hennotypieal cortex is the eemnnonest pattern with the usual six layers and 
radial columns, the subdivisions of it shelving only minor differences. It makes 
up the major part ot the frontal, parietal and temporal lobes. The hclerotypical 
cortex includes portions with structure that departs widely from the first tvpc 
by 1. aving an indistinct laminar pattern due largely to the scarcity of cells 
of the fourth layer (agranular cortex). Fifth layer pyramidal cells may be quite 
large, as in the motor area. In the konioeorlex the cells are generally small and 
so appear closer together. The postcentral sensory area is of this type as are 
the visual and auditorv areas. 

f 

The maps of cortical areas based on the arrangement of cells made In¬ 
different investigators do not all agree. Although definite differences are readily 
visible in the major projection areas, finer distinctions are disputed (Lasldey 
and (dark, li)4(i). Descriptions have ranged from the elaborate subdivisions 
of von Eeonomo to the somewhat radical implication that there is little' to be 
gained from cyto-arehitcetonie studies. The truth should be somewhat between. 
Newer painstaking analyses of the histology, correlated with the tracing of 
impulses to and from specific areas by electronic apparatus (physiologic neuron¬ 
ography) combined with observations of the results of direct stimulation, and 
the tracing of fibers by methods of degenerations have been of help and will 
continue to clarify the studies. 

While more than a hundred structurally different areas have been dis¬ 
tinguished, some ot these' resemble others very closely and all can be* classified 
in one or the other of five fundamental types (Fig. 'foo, 1 to 5). Cortex of Type 
1 lacks, more or less completely, the two layers of small granule cells and for this 
reason may be designated as agranular. It is also characterized by its great 
thickness and the large number of typical pyramidal cells. The regions in which 
it is found arc shown in maps math* by von Eeonomo (Fig. ^54). Types L 2 and 
o occupy extensive areas in the frontal, parietal, and temporal lobes and they 
both have well developed granular layers. Cortex of Type 4 is relatively thin, 
and has well developed granular layers and large numbers of medium sized 
pyramidal cells. Since it is found near the frontal and occipital poles, it has 
been designated as polar cortex. Type .5 consists chiefly of closely packed small 
granule cells. Even the pyramidal cells and fusiform cells are small and do not 
form well defined layers. Cortex of this type*is found in the areas which receive 
the sensory projection fibers. While the structural plans illustrated in Fig. 4.5.S. 
E 2. 9, 4, and .5, are in a general way characteristic of the corresponding areas 
showm in Fig. 2.54, each ot these areas is composed of subdivisions with their 
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Kkm k k S(‘c lions of the cerebral cortex of man showing llie arrangement of nerve cells in 

carli of five cortical types the (list rilml ion of which on the surface ol the hemisphere is shown in 
Kic. o/il. Kacli .section is enlarge* I to the same extent so that the thickness ol the dillerenL types 
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own peculiarities. But nil tin* subdivisions belonging to n given type show n 
fnmily resemblance. As illustrations of such variations within types, tin* auditory 
eorlex of the transverse temporal gyrus ( B'ii»'. .>) may be compared with 

tin* visual cortex of the area striata (Fig. 'hi. risjjli t half). It will be seen 

that the familv resemblance consists in the absence of large neurons and the 
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Mnps showing I hr distribution of tlic five tvprs ol mrtr\ illiisl nitrd in I 4 i". ^ IS. 

(\ on Kcoiioiiio. ) 


great number of closely packed granule cells. 'Idle visual 
of the two and has a zone relatively free from cells (IV/)) 
position of the line of (Icnnari. Another illustration of the 


cortex is the thinner 
corresponding to the 
individual differences 


of cortex can he directly compared. I. From the poslei’W part of I lie superior Ironlal ^yrns (Typo 
1): \a. from tlx* anterior central gvrns. motor eorlex (a \ariety of Type If: Irom the middle 

part of the middle frontal gvrns (Type -2): d. from the supramarginal nyrns ( Type d) : t. from the 
lateral surface of the occipital lobe (Type I): from the anterior temporal gyms, auditory eorlex 
(Tvpe da. or, the striate area, visual cortex (a variety of '1'ype .*>) . Note the sharp transition 
from striate to peristriate cortex, (xon Kcoiioiiio.) 
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Areas of lhe human cerebral eorlex each of which possesses a (hslinetive slruelure: 
A. lateral view: IF medial view. (Hrodmaim.) 


within a given type is furnished l>v a comparison of the two sections represented 
by I and la. The former was taken from the posterior part of the superior 
frontal gyms, the latter from the motor eorlex of the anterior central gyrus. 
In both the eorlex is thick and lacks the two granular layers, but the motor 
eorlex is (listinguished by the presence within the fifth layer of the giant 
pyramidal cells of Betz. 

At the borders separating certain of the cortical areas there occurs a very 
abrupt change in structure: at other points the change is quite gradual. In Fig. 
g.m, ')«, there is seen a remarkable alteration in cellular layers at the border of 
the striate cortex. 
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CORTICAL LOCALIZATION OL FUNCTION 

The Motor Cortex. The idea that specific areas of Uie brain had special 
functions is ancient, but it was given its strongest support with the demonstra¬ 
tion by Fritscli and Ililzig in 1870 that electrical stimulation of what has come 
to be called the motor area resulted in movements of body parts. With the 
repetition and extension of these* experiments by Fcrrier (188(1) and others since 
then it was easy for the belief in specific functional areas to become fixed. As 
the study of the cortex shows less and less evidence of complete dependence on 
small areas for specific functions, it becomes evident that the important demon¬ 
stration of a motor cortex has perhaps delayed final analysis of the method of 


Area 



Ficemo '•2.>(>. Lateral view of the human cerebral hemisphere showing the areas ol electrically 
excitable cortex. (Redrawn alter Focrster.) The motor cortex proper (Area 4) is represented in 
black; the other regions from which movements ol the limbs and trunk can be elicited are lined; 
and the eye fields (S«/io and 1!)) are stippled. 1 he numbering ol the areas is somewhat different, 
from that in Hrodmaim’s figures, and follows the pattern used by the Vogts. 

cortical function by causing a strong belief in the attachment of specific functions 
to isolated cortical areas. 

The region commonly referred to as the motor area is Area 4 of Brodmann s 
chart, the location of the giant pyramidal cells of Bet/, which until recently were 
considered the only source of fibers m the corticospinal or pyramidal tract. As a 
result of the pioneer work on this area it is frequently referred to as il voluntary 
muscular action originated in it. Snell a view is unjustifiable, for the nervous 
system normally works a> a whole, and a voluntary muscular action may be in¬ 
fluenced not only by thoughtful consideration of its desirability and its conse¬ 
quences. but by a host of influences which we are accustomed to think of as 
occurring on a reflex level involving many palhs and centers in all parts ol the 
nervous system, all aiding in the nicety of control of the muscles involved. It is 
not to be denied that Area 4 is important to voluntary action since destructive 
lesions in it result in paralysis of voluntary muscle. 

































































Anatomy of tiik Xfkyofs System" 



1 Ik* are*a ol giant pyramielal cells is loe/alcd in tin 1 anterior wall of tlu* central 
sulcus, in tlm adjacent part of the anterior central gyrus, and in that part of the 
paracenhal lolnde which lies rostral to the continuation of the central sulcus on 
the medial snrlace of the hemisphere (Fig. I lie part of Area 4 which is 

exposed to view is triangular in shape, tapering to a long drawn-out point where 4 
the central sulcus approaches the lateral fissure and widening to include almost 
the entire anterior central gyrus at the dorsal border of the hemisphere 4 . 

The structure of the cortex in Area 4 is characteristic. Here the 4 gray matter 
is thick (3.5 to 4.5 mm.) and the lines of Baillarger arc broad and diffused. The 



Ficu kr '■2~)7. Diagram of a frontal section through 
of the pattern of representation of motor and sensory 
mined by cortical stimulation (modified from Penficld 
tion of area representing taste, (ion.. Genital region. 


the cerebrum showing the major subdivisions 
areas and the alimentary system as deter- 
aml Rasmussen, 19.30). T, Tentative loca- 


two granular layers (TI and IV) are lacking or are indistinguishable fused with 
the layer of pyramidal cells (III) which is unusually wide (Fig. <253, la). The 
ganglionic layer (V) contains the giant pyramidal cells of Betz, from which arise 
the larger fibers of the corticospinal and corlicobnlbar tracts. 

The different regions of the body musculature are represented in Area 4 
rather specifically. A rough approximation to this distribution could be shown 
by the picture 4 ol a man head down along the precentral gyms. The sequence of 
reprosonlation has at least two breaks in it, tin 4 more conspicuous being that 
the face* ami head are* re prese nt< <I “right side up." Ilughlings Jackson pointed 
<»nt that aival alledmemtM in the emrlcx are* not proportional to the 4 amount of 
muscle 4 in a re'giem ed the* be>ely but more 4 to the* e 4 laborateumss of umveinent the 
parts may slmw. The hanel, mouth, and fne*e have proportionately larger repre- 
semtaLions than the arm, Ie*g or foe»L (Fig. (270). 
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In man with the brain exposed under local anesthesia stimulation of Area 4 
produces specific movements involving contralateral muscle groups, small or 
large, the result depending on the type, strength, and duration of stimulus, the 
immediately preceding experience of the cortex, and the depth or absence of 
anesthesia. A threshold stimulus results in single movements not prolonged 
beyond the stimulus. Prolonging the stimulus or increasing its strength may bring 
into action additional muscles, and the effect may continue after cessation of the 
stimulus. It the stimulus is sufficient the after-effect may spread to muscle 
groups over the entire body producing a "march" as in Jacksonian epilepsy, 
with the sequence of involvement of bodv parts being related as in the pattern 
of representation of the body in the motor area. 

Irritative lesions in the area can be the basis of epileptic attacks which start 
in a particular part of the body but involve finally all of its musculature. Observa¬ 
tion, therefore, of the beginning of seizures a patient may exhibit is important 
in the planning of surgical intervention. If an epileptic seizure is generalized, 
that is, if the clonic movements appear throughout the body at once or oven in 
bilaterally symmetrical portions simultaneously, the irritative focus may be at 
some distance from the motor area. Such seizures probably are commonly focal, 
and the spread of the epileptic pattern, as indicated by an original aura or by 
symptoms other than motor which precede the muscular outburst, may give a 
clue to the point of origin. Flcetrical activity as indicated by the brain waves 
(electroencephalogram) before and during a seizure may be useful in localizing 
the epileptogenic focus. 

Removal or local destruction of Area 4 in man results in immediate paralysis 
of corresponding voluntary muscles. The paralysis is at first flaccid and there is 
loss or impairment of reflexes. Within a day or two changes begin which, after a 
few days or weeks, result in restoration of reflexes with a tendency to exaggera¬ 
tion of the response and the appearance of the type of reflex responses usually 
associated with upper motor neuron lesions, and the paralysis becomes "spastic" 
(though from animal experiments this implies involvement of the region 4S 
anterior to 4, not yet well recognized in man). Gradually the paralysis may 
diminish, and if the lesion is very small and is confined to Area 4 the deficit in 
motion may be impossilrle to discover with ordinary tests (Pilcher, Meaeham, 
and Holbrook, 11)47). With even larger portions of the body showing paralysis, 
compensation may proceed until only skilled movements show deficiency. In the 
monkey the degree of the initial paresis is loss, the rate of recovery is greater, and 
the paralysis remains flaccid unless Area 4S is encroached upon by the lesion. 

There is evidence from stimulation experiments of bilateral representation in 
the cortex, most in those muscles which act bilaterally as in the trunk, eyelids, 
and jaw: less in the muscles of the limbs: and least representation of the ipsi- 
lateral cortex in movements of fingers and toes. But even those movements 
involving simultaneous use of bilateral muscijjar groups may have a leading side, 
as in chewing movements with side to side grinding motions. In artificial stimula¬ 
tion of the brain of ruminants different cortical points are related to the original 
direction of deviation of the jaw in chewing. Ipsilateral movement has also been 
seen in response to cortical stimulation in the face (Lauer, 1D.>2). Following 
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bilateral removal of Ari*;i 4 compensatory recovery is not ns groat in n particular 
extremity as afler unilateral removal. 

Some clinical observers have maintained that the motor disturbances rcsult- 
iiii*; Irom isolated destruction of Area 4 in man do not differ to a detectable 
decree from Iliosc- caused by the combined destruction of both Areas t and (>o« 
(Focrster, 19.‘>(>). After the initial period of shock has passed, in which the 
muscles may be flaccid and reflexes may be absent or weak, increased resistance 
to passive movement and increased tendon reflexes are characteristic of the 
paralysis resulting; from lesions of the motor cortex and pyramidal tract in man 
but not in the monkey. The reason for this difference is not known. 

It should be remembered that the lesions in man resulting - from tumors, 
hemorrhages, and other “natural” causes are not as well controlled as those made 
in the laboratory on experimental animals, although the surgically produced 
lesions in man are often like well controlled laboratory experiments. Buev (1057) 
stales that cutting the central half of the cerebral peduncle which contains the* 
corticospinal tract is not followed by spastic paralysis and hyperactive* reflexes, 
and the patients (operated upon because of abnormal involuntary movements) 
may retain rather well coordinated movements of the digits. Nor does cutting 
the lateral or medial part of a peduncle appreciably affect normal or abnormal 
movements. Careful analysis of the symptoms in human cases will continue to be 
valuable in interpreting motor function. "There is, of course, no regeneration of 
nerve cells and fibers of the central nervous system, but after a vascular accident 
to the brain absorption of hemorrhage and edema which had been interfering 
with transmission of nerve impulses by pressure allows restoration of function 
in intact nerve fibers. 

Other Cortical Areas with Motor Functions. Area (>, immediately in front 
of Area 4, is lhe premotor region of Fulton (193;>). In histologic structure it 
closely resembles Area 4 except for the absence of the large motor cells (Fig. 
253, 1). Lesions restricted to this territory cause a temporary loss of acquired 
skills. Forced grasping is frequently seen after such lesions (Hines, 1937). 

Areas 4 and (imv (Fig. 25b) both respond to electrical stimulation by iso¬ 
lated movements of individual parts of the opposite side of the body, but to 
obtain these effects from Area (><7a considerably stronger stimulation is needed. 
File isolated movements obtained from bmv are called forth by impulses trans¬ 
mitted to Area 4 and thence conveyed downward in the pyramidal tract. When 
Area 4 is excised or the pyramidal tract interrupted. Area (uta no longer gives 
rise to isolated movements bill responds to strong faradic stimuli by mass move¬ 
ments of the whole contralateral half of the body similar to those described in 
the next paragraph. 

Area bo/C when stimulated by strong faradic currents, gives rise to a com¬ 
plex movement of all parts of the contralateral half of the body. Head, eyes, and 
trunk turn to tin* contralateral side* and the contralateral arm and leg arc' usually 
flexed. 4'his response* persists after removal of Area 4 and after interrupting the 
pyramidal tract. Centers for conjugate deviation of the eyes to the opposite 
side are located in Area S<v/i£ and in Aren 1!). Separate portions of the frontal 
eye field respond to stimulation with specific direction of movement of eves. 


The Cerebral Cortex 


3 (> 1 


which arc (liiplicalc<l in minor image fashion in opposite hemispheres. But there* 
is also a duplication of the pattern of movement in a single hemisphere in mirror 
image fashion concerned especially with the upward and downward components 
of the conjugate deviation (Cro>by et ah, 195*2). Stimulation ot Area (\b pro¬ 
duces coordinated rhythmic movements of the lips, tongue, jaw, and larynx 
as in mastication and swallowing. 

On the medial aspect of the hemisphere a supplementary motor area has been 
described from the observations of Pcnficld. It lies just anterior to the motor 
region in the intermediate frontal area. Stimulation of this supplementary motor 
zone results in bilaterally synergic movements: the opposite arm and hand are 
raised and the head and eyes turn as though following the hand. Change in the 
size of the pupil may occur and vocalization (not speech) has followed stimula¬ 
tion in this area. Inhibition of voluntary activity also is frequently the result ot 
stimulation. 

It is interesting that the movements produced from stimulus are bilateral 
alterations in postures and complex maneuvers, giving homolateral as well as 
contralateral effects. Removal ot the* motor area in the precentral gyrus did not 
prevent the occurrence of the usual eft eels ot stimulating the supplementary 
motor area (Pcnficld and Welch, 1951; Bates, 1958). 

Motor responses may also be* elicited by electrical stimulation of areas 
posterior to tin* central sulcus, though the sensory receptor areas predominate 
here. Stimulation of Area 5 produces effects similar to those from Area (i ufi 
with, however, a tendency for effects in homolateral limbs to follow more quickly 
the contractions elicited from the contralateral side. In the monkey, movements 
of body parts have followed stimulation of Areas 5 and ? even in the absence 
of the pro- and postcentral areas (Fleming and Crosby, 1955). 

Cortical Representation of Motion. With the differences in motor responses 
to stimulation from the* various cortical zones it is appropriate to a>k what in 
terms of motion is represented in the cortex. 11 ugh lings Jackson asserted 
movements were represented and this is in general agreement, but “What 
movements?" might be asked. Hines (1944) points out that with proper control 
of conditions movements of individual muscles can be elicited by stimulation 
of the precentral gyrus *bul warns that tins is not likely to be the usual way 
the cortex functions. However, action on the' part of certain individual muscles 
may be the only’ requirement for some movements. Foerster observed move¬ 
ments of apparently individual muscles from mans motor area. I he organ¬ 
ization of the cortical elements and the arrangement of muscles about joints 
allows the production of larger movements involving several muscles by 
electrical stimulation of the cortex, and the.se are the type usually observed. 
Even rhythmically repealed movements of an extremity can be produced from 
specific points (Buev. 1999: (dark and Ward, 1997). and rhythmic movements 
associated with chewing and swallowing are readily elicited from distinct cortical 
regions. The rhythmic motions require prolonged stimuli which is no doubt true 
in normal functioning also. 

Ward (1998) from experiments on nnancsthelized cals with electrodes 
implanted on the cortex was able to show that the character of the movement 
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of a liml) accompanying stimulation of a given fixed cortical point varied with 
the previous position of the limb and of the head. Stimulation of a given point 
ot the motor zone controlling foreleg movements, for example, caused the con¬ 
tralateral foreleg to assume a “final position/' making whatever preliminary 
adjustments that were necessary to attain it. Depending on the position pre¬ 
vious to stimulation the limb might begin its approach to the final position 
with protraction or retraction, movements exactly opposite in direction. Such 
results go far toward explaining the phenomena of reversal and deviation in the 
response of a given cortical point described by Sherrington, and others since, 
as instability of a cortical point. Furthermore, when stimulation of a single 
cortical point in an experimental animal causes a limb to move to a definite 
position regardless of its previous pose, and then perform rhythmic action (as, 
for example, a series ot stepping movements) which requires alternate con¬ 
traction and relaxation of antagonistic groups of muscles, it appears unreason¬ 
able to try to assign to that particular point responsibility for the contraction 
ot a single muscle. And since stimulation of a neighboring point on the cortex 
will produce comparable rhythmic action involving the same general groups of 
muscles but with slightly different pattern (as, for example, a batting move¬ 
ment ot the paw), it becomes obvious that individual muscles may be under 
the control of more than one cortical point. 

It appears likely that their is a mosaic of representation in the motor 
cortex, with tin' zones related to individual movements appropriately over¬ 
lapping or being m close connection with each other, and all subject to influences 
from the receptive mechanisms and other neuronal connections that may insti¬ 
gate motion or contribute to the nicety of its control. Further evidence of over¬ 
lap in cortical representation comes from the report that small lesions in the 
hand area (in monkeys) caused degeneration in the corticospinal tract as far 
caudalward as the lumbar region ((dees and Cole, 1950). 

I hat tin* sensory side ot the nervous system plays an important part in 
motor mechanisms is emphasized by the reported observation that bilateral 
removal of all the parietal cortex in monkeys results in complete immobilization 
of the animal. Konnard (1944), however, reported that flaceidily of muscles 
without impairment ot their capacity tor movement, and even increased tendon 
reflexes, have followed removal of the parietal areas alone. It is slated that 
in animals section of all the dorsal roots supplying the arm results in more 
voluntary motor deficit than unilateral removal of the opposite motor cortex; 
if. however, only one dorsal root to the brachial plexus is left intact the motor 
impairment is less and appears only as clumsiness or weakness. But section of 
the dorsal roots does not prevent the elicitation of rhythmic and other move¬ 
ments of the involved extremity by cortical stimulation. 

It would appear then, that while motion of the most complicated type or 
of very simple pattern may be elicited by artificial or natural stimulation of 
the motor cortex, such motions can hardly be said to be completely dependent 
upon the activity of this area. The connections made with other cortical and 
subcortical structures m addition to the sensory mechanisms bring into play 
influences which affect the character of the resultant motion. The descending 


The Cerebral Cortex 


3(>3 


paths from higher levels concerned with the control of activity in voluntary 
muscle are generally referred to as the pyramidal and extra pyramidal pathways. 

Pyramidal and Extrapyramidal Motor Pathways. For years the corticospinal 
tract has been called the pyramidal tract because it formed the bulk of the 
pyramids ot the medulla; since it was believed to arise from Area 4. the region 
of large pyramidal cells, this area was associated with the term. With the 
knowledge that there were other influences on voluntary motion than those 
from Area 4. and with Sherrington's name for anterior horn cells, the final com¬ 
mon path, emphasizing this, the term extrapyramidal pathways began to be 
used to refer to tracts other than the one called corticospinal. With subsequent 
recognition that cortical areas other than 4 were concerned with problems of 
motion the term “extrapyramidal areas" was used (Foerster. 199(>). 

There are according to Lassek's analysis (1940) about 94,000 Betz cells in 
Area 4 ot one human hemisphere and approximately the same number of large 
fibers (9 to *2 C 2 micra in diameter) in one pyramid in the medulla. This con¬ 
stitutes only c 2 to 9 per cent of the total number ot fibers m the pyramid. When, 
however. Area 4 is destroyed, not only these large fibers but a total of c 2? to 
40 per cent ot all the fibers in the pyramid degenerate, which implies that Area 
4 contributes many smaller fibers which are probably the axons of smaller 
pyramidal cells in this area. But this is not all, as evidence from experiments on 
animals, not yet confirmed for man. indicates that a significant number of 
fibers in the pyramids arise from areas posterior to the central sulcus (Levin 
and Bradford, 1998; Peele, 194 L 2). In the cat, fibers have been traced from the 
temporal and occipital cortex through both homolateral and contralateral pyra¬ 
mids and finally into the gray matter of the cord (Walberg and Brodal, 1959). 

Tower (1944) in reviewing the work on the pyramidal tract points out that 
cortical Areas 4, 9, 1, c 2, 5, and ? in the monkey have been shown to contribute 
fibers to the pyramidal tract, and that m man there is proof of origin from 
Area 4 and possibly Area 0. Howercr, there are some fibers in the pyramids 
whose origin is still unaccounted tor. These fibers, according to Tower, arc 
descending, but it is not known whether they arise from the cortex or from 
lower levels. Walshc (194 L 2) strongly supports the latter possibility. 

There is no general agreement as to what the term extrapyramidal includes, 
and, as Buey (1957) points out, there is no single entity with which the “pyram¬ 
idal tract can be identified. This is more evident when it is seen that many 
of the fibers in the corticospinal path in the pyramids do not arise from Area 
4 and that certainly only a small per cent of them arise from the Betz cells. 
Some may even arise from centers below the cerebral cortex. In any case the 
term pyramidal appears to be coming to include only those influences originat¬ 
ing from Area 4, and logically all other influences playing on the primarv motor 
neurons would be extrapyramidal. These should include paths from the cortex 
or any level below. For clear understanding pglhs should be named to indicate 
origin, destination, and direction of impulse, as corticospinal, and it would seem 
desirable, if possible, to avoid the use of such terms as pyramidal and extra- 
pyramidal in situations in which ambiguity is introduced. 

Descending paths arising from several cortical areas can be traced. Based 
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on evidence of degenera(ion or electrical response (or bolli) (Levin, 1944), lhey 
may lx* summarized somcwhal as follows: (1) (\)rticost riat c fibers, from cortical 
Areas 4S, (>, and S (also 24, *-2, and probably 19, i. e., all lln* “suppressor'’ areas) 
and 9 also lo the caudate nucleus; from 4, (i and 8 to the globus pallidns. 

( c 2) Corticothalamic paths parallel lo thalamocortical fibers; many to the 
ventral lateral nucleus to which conn' fibers of the bracliium conjunctivnm and 
from which go fibers lo the motor cortex. Areas 10, 11, and 12 send fibers lo 
the medial thalamic nucleus; 9 and 11 lo septal nuclei; and 9 lo medial and 
lateral thalamic nuclei; 8 to the medial thalamic nucleus; (I lo septal nuclei, 
medial and lateral thalamic nuclei; 4 to lateral thalamic nuclei. 

(8) Corticoh}jpothalamic fibers, thought to be largely from the hippo¬ 
campus, and so related to olfactory connections. Fillers also reach the hypo¬ 
thalamus from frontal (Area 0), orbital, sensorimotor, and auditory cortex. 

(4) A few fibers from Areas 4, 4S, and (I lo the zona inccrta and the anterior 
small-celled portion of the red nucleus , and from (i to the ipsilateral subthalamic 
nucleus. 

(5) Corticoniyral paths largely from Areas 4, 4S, (I, and S. Fibers from 
substantia nigra go mainly to the corpus striatum. Hanson and Hanson traced 
them in the monkey to the globus pallidns. 

((>) Areas 4 and 0 project to tegmental regions, the nuclei pout is and the 
inferior olivary nuclei; in addition to the well known projection of Area 4 to 
the spinal cord. 

In the rat, the striate cortex has homolateral projections to lower levels, 
as the lateral geniculate body, thalamus, superior colliculus, zona inccrta and 
pons, though these are not to be considered motor fibers in the usual sense 
(Nanta and Bucher, 1954). 

Suppressor Zones. Hecenl inclusions in the specialized areas of the cortex, 
but with the significance not yet clear, are the suppressor areas described in the 
monkey and other animals. According to McCulloch (1944), who has contrib¬ 
uted largely to a knowledge of them, on the architectonic map they arc Areas 
4S (the strip area of I lines), 8, 2, 19, and 24. When one of them is stimulated 
electrically, or mechanically, or is slrychninized, there follows a suppression of 
the electrical evidence of cortical activity, first in areas near the point stimu¬ 
lated then gradually in more remote regions. The lime relations are of great 
interest, since a half hour may bo used in the spread lo distant areas though 
bv this time recovery has occurred near the original focus. In addition to the 
electrical evidence stimulation ol Area 8, for example, can result in immediate 
relaxation of muscular contractions, the holding off of motor evidence of after 
discharge, and it will cause 4 suppression of the' motor response to a stimulus 
from other cortical areas. Smith (1945) observed in monkeys cessation of somatic 
movement on stimulation in part of Area 24 on the gyrus einguli, but there 
were also some 4 visceral responses and vocalization. Hcmoval of Area 24 in 
monkeys is said lo increase lameness temporarily. Fibers from the superior 
frontal eon volution (Areas 4, (I, 9. and 10) have been found entering Area 24, 
and fibers from it pass to the septal region, the subcallosal gyrus, and the 
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posterior part ot gyrus reel us. From tile posterior, part 
anterior nucleus of the thalamus. 


of 24 libers pass to the 


Suiih 1 o! these siippres.sor ;uv;in receive impulses Irom Severn I other cortical ;nvas and send 
ellerent fibers to Areas SI and S v 2 on the medial sminee of tin* hemisphere. Diflienlties lia\e been 
encountered in tracing connect ions to the basal ganglia, blit by stryehniniznlion experiments in 
animals it has been shown that Areas IS. S. *-2t. and probably 11). send impulses to the caudate 
nucleus. By this means also it was shown that Area 0 sends impulses to the putamen and the lateral 
portion o| the globus pallidas while fibers from Area 4 go to the putamen, McCulloch points out 
that large lesions of the caudate nucleus do not prevent suppression of the motor response from 
Area IS, lor example, although it is known that this motor suppression is dependent on descending 
paths, the exact course o! which is unknown. Stimulation of the reticular formation in the medulla 
stops motor activity induced reflexly by brain stem mechanisms or from the motor cortex (Mngomi. 
I!)t4;. It has been found that suppression from cortical stimulation can still occur when any one 
of the following structures is destroyed: caudate nucleus; putamen; globus pallidas; substantia 
nigra and cerebellum. 


According to sonic observers suppression of motor activity lias followed 
stimulation of other areas than those- identified as “suppressor,” and the exist¬ 
ence of true .siippres.sor areas has been seriously questioned. No specific cyto- 
architectonic pattern has been assigned to them. It should be pointed out also 
that the word “suppression” has been used at times to describe cessation or 
inhibition of muscular activity and at times to describe diminution of recorded 
electrical activity of the cortex. The reader should note the meaning implied 
in each ease. The phenomenon may or may not differ from the so-called spread¬ 
ing depression, which is a spreading diminution of electrical activity in exposed 
cortex accompanied by visible vasodilatation. The explanation of this is obscure 
but is believed to Ik- dependent on exposure of the brain surface (Marshall and 
Fssig, 1951). Ochs (1958) has shown this to be blocked temporarily by shallow 
cuts in the cortex and believes it dependent upon contiguity of apical dendrites 
of pyramidal cells. 

Clarification of the influence of the various cerebral centers on motion is 
gradually appearing from experimental stimulation in intact animals, with 
observation on both reflex action and eortieally evoked movement. It appears 
that anatomic overlap in the course of pathways and the distribution of cell 
bodies may Ik- responsible for conflicting results, emphasized in the difficulty 
of separating inhibitory ifiid facilitating influences at various levels. It appears 
probable that in connection with voluntary acts corticospinal (and eorticobulbar) 
projections not only act through primary motor neurons to induce contraction 
of muscles appropriate to a movement, but facilitate subcortical systems which 
would aid in the accomplishment of the movement. 

From experimental evidence pathways for unilateral inhibition of motor 
activity (contralateral to cerebral centers) have been proposed which would 
originate in tin- suppressor cortex: pass by way of the caudate nucleus, puta¬ 
men, and globus pallidus; then to the nucleus vcntralis anterior of the thalamus: 
and then to the motor cortex. For bilateral inhibition influences can arise in the 
gyrus einguli, pass to septal nuclei, and midline thalamic nuclei, then into the 
hypothalamus to reach the medial reticular formation, and from this to primary 
motor neurons (Ilodes, Peacock, and Heath, 1951). 
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Pathways For jaciliiation of reflex muscular activity of both sides of Hie 
body can apparently originate in the dicneephalon and be transmitted candally. 
(Midlinc, intralaminar, and medial thalamic nuclei to hypothalamus, to lateral 
reticular formation, and then to primary motor neurons.) Facilitating influences 
in cortically induced movement may begin in the cortex. a> the gyrus cinguli, 
then to diencephalic centers, as the head of the caudate nucleus, then to the 
globus pallidus, to the nucleus venlralis anterior of the 1 thalamus, then to the* 
motor cortex. Facilitating effects may also go from the' gyms cinguli to septal 
nuclei, through midline thalamic nuclei, and then to the reticular nucleus of 
the thalamus and then to the motor cortex. 



Fic.cuk -AIS. Diagram of the brain of a chimpanzee showing the suppressor zones (in solid black) on 

the lateral surface. (After Huey.) 

Cortical Autonomic Representation. Fibers extend from Area 24 in the 
gyrus cinguli to other cortical areas, which are perhaps suppressor m function, 
and some fibers have been traced from it through the medial part of the cere¬ 
bral peduncles to the medial reticular formation in the tegmental pail of the 
pons. On stimulation of points in this region, autonomic effects and effects on 
skeletal muscle, both of suppression and tonic movements, occur. It has been 
suggested that this region and related ones are concerned with the mechanism 
of emotions (Ward, 1948). While the hypothalamus is closely related to regu¬ 
lations of visceral functions it is becoming increasingly evident that the cerebral 
cortex is also directly involved. Kennard (1944) in a review of the question 
points out that in the frontal lobe. Area (>. and to a less extent Areas S and 4 
| 1M ve influence upon the pupil, bladder, vascular system, gastrointestinal tract, 
and pilomotor system. While less definite than the foci concerned with the 
control of skeletal muscle there is a tendency for localization in the cortex 
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corresponding roughly to the somatic pattern. A vasodilator effect in skeletal 
muscles in the dog was observed after stimulation of the posterior part of the 
motor area (Eliasson et ah 1952). 

Autonomic foci also appear on the orbital surface of the frontal pole. 
Bilateral removal of this area may affect gastric motility and blood pressure 
as well as respiration. It has been shown that stimulation of the frontal region 
of the cat brain under proper conditions produces transient elevation of blood 
pressure and renal cortical ischemia from vasoconstriction. The kidney may be 
damaged by repeated experiences. 

Alterations in blood pressure follow cortical stimulation in the* temporal 
poles, as well as the posterior part of the orbital region of the frontal pole, and 
from cortex continuous with these areas through the anterior part of the insula, 
the gyrus einguli, the subcallosal region, the uncus and anterior perforated 
spaee. While not autonomic, since the muscles involved are voluntary, respira¬ 
tory responses also follow stimulation of these cortical areas (Chapman ct ah, 
1950; Poirier and Shulman, 1954). 

From animal experiments it appears that the hypothalamus is not involved 
in the pathway of all descending routes from the cortex affecting blood pressure. 
Section of the pyramid abolishes the blood pressure changes resulting from 
stimulation of the sensory-motor cortex (Kaada, Pribram, and Epstein, 1941)). 

Stimulation of the gyrus einguli anteriorly or of the orbital region affects 
the movement of the pyloric part of the stomach. Sensory as well as motor 
visceral representation occurs in the insula, particularly in relation to the 
alimentary canal, stimulation in man producing sensations of abdominal dis¬ 
comfort. as fullness, nausea, and the like (Pool and Rausohoff, 1941); Babkin 
and Kite, 1949; Penfield and .Rasmussen, 1950) (Fig. 257). 

In lower animals visceral afferent impulses from stimulation of the splanch¬ 
nic nerves reach primarily cortical zones in sensory Areas I and II in the 
portions related to the trunk. Stimulation of the central end of the cut vagus 
nerve results in electrical activity in the region of orbital gyri showing afferent 
connections of viscera here. 

Smith (1945) reported that stimulation of gvrus einguli in monkeys (Area 
•24) was followed by cardiovascular changes, piloerection, dilatation of the 
pupil.s, respiratory arrest, cessation of somatic movements, and vocalization. 

Clinical eases showing the effects of cortical lesions commonly include 
alterations in blood flow in the extremities and in sweating. 

The Sensory Projection Centers. These are the areas within which termi¬ 
nate the sensory projection fibers bringing impulses of vision, hearing, smell, 
and the general sensations from the surface of the body and deeper tissues. 
In each of these centers the cortex is characterized by numbers of closely 
packed small granule cells and belongs to von Econoino’s Type 5. 

The somesthetic area receives by way of Jhe thalamus impulses subserving 

Wl 

oeneral bodv sensibilitv from the skin and deeper tissues, including the muscles, 
joints, and tendons, on the opposite side of the body (Fig. 205). It occupies 
the posterior central gyms- The parts of the body are represented in this gyrus 
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in the same inverted order as in the motor cortex. In general it may la* said 
that the sensory representation of any part of the body lies directly across the 
central snlens from its motor representation. 

A histoloyic description of the cortex of the posterior central gyms is com¬ 
plicated by the fact that this gyrus is composed of three distinct strips ( Fig. '■255, 
1, 2, .‘>). The cortical strip forming the posterior wall of the central snlens (Area 
,‘>) has the structure characteristic* of sensory cortex (Type 5 of vmi Fcononio, 
Fig. g.>4). It is relatively thin, measuring about 2 mm. The pyramidal cells 
are very small so that layers II, III, IV, and V look like one broad granular 

laver. In laver Y there is a thick network of mvelinaled fibers. 

» « • 

When points in the posterior central gyrns are electrically stimulated 
during an operation on an unanesthetized patient, there are evoked sen.sat ions 
of numbness and tingling or paresthesia at points in the opposite half of the 
body. Movements are elicited from electrical stimulation of these areas in man, 
as might be expected from their close connection with motor zones. It is also 
true, as mentioned above, that sensory impressions result from stimulation 
of Area 4. According to Penficld and Boldrev, sensory impressions follow stimu¬ 
lation of the precentral gyrns more than motor results follow stimulation of the 
postcentral gyms. 

Cortical stimulation practically never results in a painful sensation as 
reported by the patient, and it is possible that an occasional report of pain 
could be due to stimulation of nerve fibers in pia mater or along small blood 
vessels. Perhaps it is significant in this connection, however, that pain does 
not result from cutting the lateral spinothalamic tracts in conscious patients. 

Normal highly specialized sensations are aroused only by afferent impulses 
which have passed through the thalamus, activating it and being modified 
by it before reaching the cortex. Tactile stimuli applied to the skin evoke 
electrical action potentials in the someslhctic area. Ablation of parts of the 
posterior central gyms produces severe impairment of sensation on the opposite 
side of the body. All modalities of sensation may be lost at first in the affected 
areas. But with the lapse of linn* there is considerable recovery, pain being the 
first to return. Recovery is the least in the case of light touch. This recovery 
may be due in part to the existence of some ipsilaleral representation, part of 
the function of the damaged cortex being assumed by the corresponding area 
of the opposite* hemisphere. It is probable also that tin* thalamus may have, 
or may acquire after its cortical connections have* been severed, the capacity 
for appreciation of simple sensory impressions.- 

Another possible explanalion lor Ibis rcrovery, namely (lint the somatic sensory cortex may 
nol lx* limited to (lie posterior central *»yrus but may include all of the parietal lobe and all but 
lbe most anterior pari of the Frontal lobe, is based on the Fact that the application of strychnine 
m the monkey to any point in this lar^e area ol cortex causes the monkey to behave as il an un¬ 
pleasant sliiiiiilns were bciim applied lo the opposite side of the body (I)ns.ser dc Harcmie, libif). 

In addition lo Ihc primary sensory area m the posterior central gyms 
a smaller secondary sensory region has been demonstrated in IYnfield's eases 
about the lower end of ihc central snlens, with foot and hand on the opposite 
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side' distincllv rcpresenled. I hero was ;dso in the area lho suggestion of motor 
representation from Iho results of .stimulation, but removal of the area resulted 
in no motor oi* sensory loss. I he secondary sensory area corresponds generally 
to a similar region previously demonstrated in animals by electrical methods. 

Idle significance of such secondary areas is not clear, but comparable ones 
occur in relation to the visual and auditory receptive areas, and probably the 
olfactory. Xo doubt they represent a region of connection allowing correlation 
of incoming afferent impulses with cerebral mechanisms generally. Pinching 
of toot and of ear gave electrical responses from the limbic system similar in 
character to those produced by olfactory stimuli (McLean et ah. 1955). 

1 he distribution in the cerebral cortex of fibers from the thalamus throws 
additional light on the question of tlu* location and limits of the somesthetic 
cortex. It has been mentioned in a preceding chapter that the fibers from the 
posteromedial ventral and posterolateral ventral nuclei of the thalamus, which 
relay to the cortex impulses from the spinothalamic tract, medial lemniscus, 
and secondary sensory tracts of the fifth nerve, terminate in tin* posterior 
central gyrus (Figs. 505. 5(il). It is this gyrus, therefore, that receives the 
direct projection of the somatic sensory paths. 

There is reason to believe that pain and perhaps some other simple sensory 
modalities may enter consciousness at the thalamic level. The cerebral cortex 
is concerned especially with those aspects of sensation which require com¬ 
parison and judgment: (1) recognition of differences in weight. (5) spatial 
discrimination as of two closely juxtaposed points, (5) tactile localization, (4) 
appreciation of size and shape, and (5) of similarities or differences in tempera¬ 
ture. A patient whose left posterior central gyrus has been damaged may sense 
an object placed in bis right hand but will not know whether it is smooth or 
rough, round or square, large or small, warm or cool. But if it were unpleasantly 
hot or in any way painful to hold he would be aware of the discomfort. 

The visual receptive center or striate area (Area 1? of Fig. 555) is located 
in the cortex forming the walks of the calcarine fissure and in the adjacent 
portions of the caucus and the linc/ual ctijrus . Rostral to the point where the 
calc; mine is joined by the parielo-oecipital fissure the visual cortex is located 
only along the ventral side of the former. Sometimes the center may extend 
around the occipital pole onto the lateral surface of the brain. The structural 
peculiarities of the visual cortex are verv evident. The outer line of Bail lamer 
is greatly increased in thickness and known as the line of Gemiari (Fig. 559). 
Because of the prominence of this line the region is known as the area striata. 
It is surrounded by cortex of quite different structure, and nowhere can the 
differences in adjacent cortical areas be better illustrated than at its border, 
where the prominent line of (icnnari is semi to terminate abruptly. At this 
border there is also a sudden change in the character of the cellular lamination 
(point marked with an asterisk in Fig. 555. 5a,). 

The visual cortex is relatively thin, averaging 5 mm. in thickness. Like 
other sensory fields it conforms to von Economo's 'Type 5 in which the pyram¬ 
idal and fusiform cells are small and inconspicuous as illustrated in the right 
half of Fig. 555. 5a. The fourth or internal granular layer is thick and is sepa- 
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rated by a light zone into superficial and deep parts. The* light zone is seen in 
appropriately stained sections to be occupied by myelinated fibers belonging 
to the line of Gennari. 

The fibers of the (/enieulocalearine tract from the lateral geniculate body 
terminate in the visual center. These fibers carry impulses from tin* temporal 
side of the corresponding retina and the nasal side of the opposite one. 1'he 
visual cortex of one hemisphere, therefore receives impressions from the objects 
on the opposite side of the line of vision (Figs. 191, 199). 

Evidence from the study of the visual fields of soldiers suffering from 
lesions of the occipital lobes indicates that: 

1. The center for macular or central vision lies in the posterior extremities 
of the visual areas near the occipital poles (Fig. 199). 

•2. The center for vision subserved by the periphery of the retinae is 

situated in the anterior end of the visual area, and the serial concentric zones 
of the retinae from the macula to the periphery are represented in this order 
from behind forward in the visual area. 

9. The upper half of the retina is represented in the upper part of the 

visual areas, and the lower half of the retina in the lower part of the visual 

areas. For example, the right upper quadrant of each retina is represented in 
the upper part of the visual area of the right hemisphere and the left lower 
quadrant of each retina is represented in the lower part of the visual area of 
the left hemisphere (Holmes and Lister, 1910: Fulton, 1938). 

Tlie lower half of Area 17 which receives visual impressions from objects 
in the upper visual field connects with adjacent parts of Area IS and this with 
the upper part of Area 19; from here corticotectal paths extend to the rostral 
medial portion of the superior colliculus, which has connections with the rostral 
part of the nucleus of the oculomotor nerve. Similar connections can be traced 
from the upper half of Areas 17 to 18 and to lower 19 and so to the caudal 
part of the oculomotor nucleus and the trochlear nucleus. Middle portions of 
Area 19 arc related to conjugate movements of the eyes to the opposite side 
in a horizontal plane. 'The para-abdueens nucleus is concerned in these move¬ 
ments, along with the nucleus for the lateral and the medial rectus. 

The eye movements just discussed in relation to the cortical visual areas 
are cortical automatisms. Stimulation in the occipital cortex in either the 
primary (Area 17) or secondary (18, 19) visual fields produces visual images 
unlike ordinary objects, but which include bright stars or flashes of lights 
which may be colored and may move. Removal of an occipital pole results in 
complete homonymous hemianopsia with sparing of the macula in the blind 
field. Removal of the secondary visual cortical fields alone is not followed by 
blindness. ’There is evidence of bilateral vision in the* secondary areas from 
the results of electrical stimulation (lVnfield and Rasmussen, 1950). 

The auditory receptive center is located in the two trausrer.se temporal gjjri 
and chiefly in the more anterior of the pair (Fig. 5 L 2). For the most part this 
area lies buried in the floor of the lateral fissure*, but it comes to the surface 
near tin* middle* e>f the ehmsal Imreler e>f the supcrie>r temporal gyrus (Fig. *259). 
Jt receives the auelitorv raeliatiem fmm the medial geniculate boely. The cortex 
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in this area, measuring about 8 mm. in depth, is slightly thicker than that 
in the other sensory fields. Like them it belongs to Type 5, contains no large 
pyramidal cells, and is characterized by a wealth of small cells in all layers 
(Fig. 25.‘3, 5). 

Stimulation ot this cortical area during an operation without anesthesia 
causes the patient to hear buzzing, chirping, and roaring sounds. 

Stimulation further along on the first temporal convolution in what must 
be the secondary auditory area is similar in effect, but there is sometimes 
added to the simple sounds an interpretation of them by the patient. Stimu¬ 
lation m the auditory area also has an effect on hearing, sometimes resulting 
in increase or decrease or change of character of sounds coming to the patient's 
ear at the time. 


Calcarine fissure 


Transition between striate 
and peristriate areas 

Cuncus 



Tangential fibers 
Stria of Gcnnari 

White center 


Figure 259. Section through the most rostral part of the Cuneus. Pal-Weigert method. 


Each car appears to be bilaterally represented in the cortex. A man with 
one temporal lobe removed shows very little or no impairment of hearing. 
Since removal of both temporal lobes in man does not entirely abolish hearing, 
it seems probable that there must be some appreciation of sound at or below 
the thalamic level. Decorticate cats and dogs respond readily to auditory stimuli 
and the decorticate cat is able to localize accurately the source of the sound 
(Bard and Riocli. 1937). Tunturi (1944) has shown that in the auditory 
reception area of the dog's cortex tones of high frequency are represented 
anteriorly and low tones posteriorly, with successive octaves in orderly arrange¬ 
ment. Numerical considerations become interesting here. There arc. according 
to Chow (1951), in the monkey 88 thousand cells in the cochlear nuclei and 
ten million in the cortical acoustic area. 

A vestibular receptive center probably also exists in the temporal lobe. When 
this region is stimulated in man cither elcjgtricallv or bv disease, sensations 
of dizziness are aroused. In Penfield's cases sensations of disturbed equilibrium 
occurred when the first temporal convolution .near the lateral fissure was 
stimulated, but the zone was not clearly defined from the auditory one. Follow¬ 
ing electrical stimulation of the vestibular division of the eighth nerve in the 
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cat, projection of impulses to the cortex occurred in a region overlapping the 
soinato-scusory area for the face and arms anteriorly and the auditory area 
posteriorly (Kempinskv, 1951). It would not be unreasonable to assume that 
the cortical centers for the two divisions of the eighth nerve would be situated 
close together (Spiegel, 1934). 

The Olfactory and Gustatory Areas. Very little has been learned concerning 
the cortical centers for smell and taste from either clinical or experimental 
investigations. On anatomic grounds the archipallium may be assumed to 
contain the olfactory center because of its connections with the olfactory 
nerve (Fig. 200). The uncus and adjacent portion of the parahippocampal gyrus 
constitute the principal olfactory area of Cajal. Clark (1947) found the lateral 
olfactory tract ending in the cortex of the pyriform lobe and the periamygda- 
loid cortex. Even less is known about the gustatory area, but there is some 


Motor cortex 


Motor cortex 



Figure 200. A, Diagram of the cortical areas on the lateral aspect of the cerebral hemisphere. B, 
Diagram of the cortical areas on the medial aspect of the cerebral hemisphere. 

evidence that it may be located at the lower end of the posterior central gyrus 
(Bornstein, 1940) (Fig. 257). 

Thalamocortical Connections. The somesthetic radiation joins the postero¬ 
medial and posterolateral ventral nuclei with the cortex of the posterior 
central gyrus. The geniculocalcarine tract joins the lateral geniculate body with 
the area striata, and the auditory radiation joins the medial geniculate body 
with the auditory cortex in the temporal lobe. The lateral ventral nucleus, 
within which the fibers of the brachium conjunctivum end, sends its fibers to 
the motor and premotor cortex (Brodniann's Areas 4 and 0 of the human 
brain, Fig 255). To the parietal lobe behind the posterior central gyrus go 
fibers from the dorsal and posterior lateral nuclei and pulvinar, the fibers from 
the latter being distributed behind those from the two former. The posterior 
part of the temporal lobe also receives fibers from the pulvinar. On the basis 
of the studies of the chimpanzee brain it is probable that in the human brain 
the fibers from the posterior lateral nucleus go to Brodmann s Areas 5, /, and 
40 and those from the pulvinar to Brodmnun's Areas 37, 39, anterior part of 
19, and posterior part of 7. The small-celled part of the dorsomedial nucleus 
sends its fibers to the granular cortex of the frontal lobe (Areas 9, 10, 11, 45, 
10, and 47 of Brodniann’s map. Fig. 255). 
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The gyrus cinguli receives fibers from the anterior nucleus of tlie thalamus 
which in turn receives the mammillothalamie tract. Not only do nerve fibers 
extend from thalamic nuclei and other subcortical areas to the cortex, but 
there are also connections from the cortex to these areas. For example, in the 
case ot the temporal lobe, each of the three temporal gyri send fibers to the 
pulvinar of the thalamus and to the putamcn; the superior and middle temporal 
gyri send fibers to the superior colliculus; the middle and inferior gyrus send 
fibers to the dorsomedial nucleus of the thalamus and lo the tail of the 
caudate nucleus, and the superior temporal gyrus supplies fibers to medial 
geniculate body and the tegmentum (Whitlock and Xauta, 1950). This type 
of two-way connection is compatible with an interpretation of neurological 
mechanisms on the feedback principle of electronics. 

Functional Significance of the Cerebral Cortex. To attempt to clarify 
entirely the functions of the cerebral cortex with the information available 
would be presumptuous. But some functions that have been attributed to the 
cortex on the basis of physiologic experiment, or as a result of analysis of 
morphologic details or study of the behavior of animals possessing more or less 
cortex, can be identified. One of the difficulties in the way of complete clarifi¬ 
cation must be that the verv instrument to be used in the analvsis is the 

• « 

same cortex which is being subjected to scrutiny. If we could only read between 
the lines of Baillarger with accuracy! 

An obvious principle in the structure of the nervous system is the steady 
increase in the number of neurons successively involved in the stations on 
paths that ascend to the great suprasegmental areas, tectum, cerebellum and 
cerebrum. Many thousands of primary afferent neurons arc concerned in bring¬ 
ing information into the central nervous system. (An optic nerve carries a 
million fibers.) But in the cerebellar cortex and cerebral cortex are manv 
million of cells. (There are upwards of 14 million Purkinje cells in the cere¬ 
bellar cortex in addition to the granule cells, basket cells, etc., and around 
7,000 million cells in the cerebral cortex). Descending paths from these areas 
become funnelled again into smaller numbers of neurons as can readily be seen 
in the smaller size of the brain stem and cord. (Each pyramid has about two 
million fibers in it.) It appears obvious therefore that specific functions may 
not be ascribed to small collections of cortical neurons beyond those in the 
primary projection centers (auditory, visual, motor, etc.), where local specific 
responsibility is expected. 

Another general principle of nervous connections that is significant func¬ 
tionally exists in the common pattern of feedback. A center or cell group that 
receives fibers from another source is quite' likely to have fibers extending in 
the reverse direction. There are, for example, corticothalamic paths as well 
as thalamocortical projections, retieuloccrcbcllar and the reverse. The larger 
paths from cerebellum to thalamus to cortex are more or less paralleled by 
eorticopontoccrebcllar connections, and so on. Even on a microscopic level 
there arc commonly collaterals of axons leaving an area that returns to the 
area. Such collaterals are found on the axons of anterior horn cells. Purkinje 
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cells and cortical pyramidal cells. Reverberating circuits involving several 
neurons are also common. 

Whatever impulses that arise from a system so well interconnected must 
be the resultant of the circulation of impulses from a variety of sources, and 
the electrical ph cnomcna detectable as arising spontaneously from cellular 
collections must be involved in the total activitv; though as vet the exact 
significance of these is not fully known. 

Some of the fundamental physiology of the cortex has been revealed by 

study of the effects of brief stimuli applied to motor or sensory areas. Repetition 

of a subliminal stimulus to a specific point on the motor or sensory cortex 

within a few seconds of the original stimulus may bring forth a response by 

facilitation. The effect may be enhanced with continued (puck repetition of 

the stimulus, even to the extent of producing an after-discharge. Furthermore, 

when such primary facilitation has been obtained, the same effect may be 

produced from nearby points if the interval between stimuli is kept brief. 

This is termed secondary facilitation , and can be elicited from points that do 

not respond with the same effect if they are stimulated in advance of the original 

point or after a longer interval. The second point stimulated may thus have 

its primary effect inhibited. It is also true that repeated stimuli can be applied 

to a given point in such a way as to produce fatigue or extinction, and the effect 

is progressively diminished. Originally described from experiments on animals, 

such effects have been well demonstrated by Penfield and Welch on the human 

sensorimotor cortex and reflect what has been called instability of a cortical 

* 

point. Though the principles are conspicuously applicable to motor effects, 

these authors suggest that sensory inhibition and facilitation play a part in 

the normal analysis of sensory experiences, as in the sense of localization 

of stimuli to the body surface. 

« 

The cortical areas discussed in preceding paragraphs have been called 
sensory receptive centers because they receive the afferent impulses which evoke 
conscious sensations. Destruction of these areas abolishes or in the case of 
hearing greatly impairs sensation by preventing afferent impulses from acting 
on the cerebral cortex. Through association fibers the sensory receptive areas 
are linked with other parts of the cortex and it is probable that any conscious 
sensation involves widespread cortical activity. Some indication of this may 
be found in the electrical changes in the electroencephalogram with visual 
stimulus or other attention-getting mechanism. The pattern over large areas 
of cortex may be suddenly changed by merely opening the eyes, or concentration 
on a mental problem. 


Association fibers and paths may not be as widespread or as numerous as lias been thought. 
Hailey and associates (19f3) found in the chimpanzee only a few long association tracts, capable 
of only one-way conduction and connecting a minority of the functional divisions of the cortex. 
Even the corpus callosum in man has been found not indispensable (Smith and Akelites, 1942). 
Lash ley (I!) ft) tested the eHieaev of association paths in the retention of maze problems in rats 
by making longitudinal and transverse cuts through the cerebrum which isolated regions con¬ 
nected with known thalamic nuclei, lie found that the operations affected the rats’ maze learning 
only by the amount of cortical damage or by the interruption of thalamocortical paths. Lashley 
(19.52) has also emphasized the necessity for considering the neurological activity of a psychological 
event as dependent upon many elements and in no way simpler than the psychological activity with 
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\vlii<*li it is concerned. In a di.scuxsion of visual |)ath\vays Le Gros Clark (11)0) stated that the asso- 
ciation fibers Iroin the cortical visual area were very short, extending only into Area IS. and this area 
was connected with 19 by additional short association fibers. Area It) incidentally is one of the 
“inhibitory areas/ stimulation of which suppresses the electrical activity of the entire cortex. 

The interesting' studies on man following removal of cortical areas at 
operation or cutting frontotlmlamic pathways have been of great value in 
interpretation of cortical function. Unilateral removal of a large part of the 
trontal lobe, including Areas 1), 10, 11 and F2 of Brodmann, causes no obvious 
disability in man but bilateral removal results in detectable changes in behavior 
and personality and in memory for recent events. Somewhat similar operations 
termed lobotomy, or leukotomy, are designed to disconnect part of the frontal 
cortex from the thalamic nuclei. Bilateral operations of this type are often 
effective in relieving severe depression and have been used to relieve intractable 
pain. The pain may not be abolished by such an operation, but the patient 
mav no longer seem concerned about it. 

Walts and Freeman, who have had a large experience with lobotomy, 
offer comments about the normal functioning of parts of the brain from their 
observations of patients experiencing the operation. They believe it likely that 
the effects of prefrontal lobotomy are due to degeneration of the thalamus 
which is related markedly to affective experience. 

They suggest that the cortex at the base of the frontal lobe is responsible 
for general awareness of self, primitively largely visceral, but potentially on 
higher pianos of the personal and the spiritual self. “Intelligence" does not 
appear to belong to the prefrontal regions alone and may not be affected by 
the operation. The frontal lobes add to man's mind foresight and insight, and 
patients after lobotomy may be too contented with things, and lack the drive 
to pursue' a planned course with adecpiate adaptation to unexpected turns. 
The desirable effects of lobotomy, or its modification, topectomy, on man have 
also been produced by operations on the ventromedial quadrant of the frontal 
lobe by cutting or coagulation of the white matter (Grantham, 1951; McIntyre 
et ah, 19,54). This procedure leaves the lateral part of the frontal lobes 
without injury and attacks those areas vcntronicdially where increasingly it is 
thought emotional phenomena are invoked (Fulton, 1959), and known con¬ 
nections with visceral activity occur (p. .‘>(>0). The close association of visceral 
activity and emotional states is of significance here, and part of the anatomical 
background for the beneficial effects of the operation may lie in connections 
that are known to exist. The hypothalamus has marked visceral connections 
and it has two way connections with the dorsomedial nucleus of the thalamus, 
which projects to the cortex in the orbito-teinpero-insular region. It will be 
recalled that the Jamcs-Lange theory of emotions implicated visceral activity, 
which Cannon showed was unnecessary since emotions appeared without a 
sympathetic outflow. But this does not exclude visceral connections from being 
involved and there is common knowledge of the influence of emotions on 
visceral function and vice versa. 

With the use of tranquilizing drugs has come additional interest in humoral 
substances produced in the body such ns serotonin that have effect on functions 
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of ihc nervous tissue. For example, evidence has been presented that the 
administration of reserpine causes liberation of serotonin from tissues which 
usually retain it (Brodie el ah, 11)55) such as the brain tissues. 1 lie serotonin 
is then broken down: it has been suggested that the effects of administering 
reserpine are really due to serotonin. 

In man and higher animals modification of behavior as a result of 
individual experience is due to cortical activity. If a bell is rung each time a 
dog is fed and this sequence is repeated many limes the sound of the bell alone 
will ultimately cause the dog to salivate. This is a conditioned reflex (Pavlov, 
1927), and is mediated through the cerebral cortex. Such responses can be 
impaired or abolished in the dog by removal of appropriate cortical areas: 
acoustic and visual conditioned reflexes by removal of posterior portions of 
the cerebral cortex, tactile conditioned reflexes by removal of the anterior half 
of the cerebral cortex, and auditory conditioned reflexes by removal of the 
temporal lobes. The cortex is not necessary for all conditioned responses, how¬ 
ever. The possibilities in the use of conditioning experiments to study the 
importance of local areas to specific functions are numerous. Moyer and W oolsey 
(1952) have indicated how studies on frequency and intensity of sound can 
be so used. 

Before it was known how widespread are the thalamic connections in the 
cerebral cortex and how numerous are the cortical areas which give rise to 
motor reactions (Fig. 250) or from which descending fibers can be traced to 
lower-lying parts of the nervous system (Mettier, 1995), it was customary to 
designate as association centers those parts of the cerebral cortex which were 
supposed to have only connections with other parts of the cortex. In late years 
the term has been used very little and carries no very precise connotation. 

The granular cortex in the anterior part of the frontal lobe receives fibers 
from the dorsomedial nucleus of the thalamus, and the parts of the parietal 
lobe behind the posterior central gyrus receive fibers from the dorsal lateral 
and posterior lateral nuclei and the pulvinar. Since these thalamic nuclei 
receive no impulses from incoming sensory paths but serve as correlation 
centers for impulses coming from other thalamic nuclei, it is probable that 
these frontal and parietal association areas receive from the thalamus highly 
integrated impressions representing total situations rather than isolated sen¬ 
sations. From experiments on animals with lesions in the parieto-lcmporal- 
preoceipilal cortex that did not damage sensory projection areas, it appears 
that this part of the cortex contains separate foci concerned with discriminative 
hearing dependent upon vision and someslhelie sense and with the formation 
of complex habits. It is also probable that several Bin* tions ni<p\ be Jiaitd 
common neuronal pools (Blum, ( how, and Pribram, 1950). 

Speech and the Cerebral Cortex. Flic neural mechanism possessed by man 
which allows him speech sets him far apart from the lower animals. With 
uprightness of posture and freedom ot lus hands from use m ordinary loco¬ 
motion, and speech, man has beam able to produce all the artifacts ot civilization. 
With spoken words an individual man can communicate ideas, however 
elaborate, to his fellows about him, and they can transmit these to others at 
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a distance in time and space by word of mouth. But with written words, 
whether inscribed on clay tablets or stone, paper or microfilm, man can set 
down his ideas for permanent reference. The accumulations of such written 
matter on a permanent basis so that it can be referred to at will not only fills 
our libraries but has made possible the growth and development of systems 
of thought, and the accomplishments of science and engineering. 

Speech is dependent upon neural mechanisms which have been disclosed, 
at least in part, by study of patients suffering from speech losses, known as 
aphasia , as a result of cerebral accidents. Cortical areas concerned with speech 
are unilateral, being found in the left hemisphere in right-handed people and in 
the right hemisphere in naturally left-handed people, thus occurring on the 
dominant side of the brain. That not all the control of speech is unilateral is 
indicated from the ability of aphasics during the time of their greatest deficit 
to produce emotional outbursts of speech, which Ilughlings Jackson believed 
to be controlled from the non-dominant cerebral hemisphere. When the speech 
mechanism is sufficiently gradually encroached upon, the nondominant hemi¬ 
sphere may take over the function successfully. Aphasia in different patients 
differs somewhat because of the dependence of different individuals upon 
auditory or visual associations, as well as upon the quantity of the lesion. 

Terms which are applied to specific patients do not so much localize the 
lesion as describe the disturbance of function. Aphasia may be due to disturb¬ 
ance of the expressive mechanism of speech or of the receptive mechanism, or 
both, or there may he amnesic aphasia. 

Expressive aphasia may be shown by difficulty in speech or writing. 
Receptive aphasia may be shown by difficulty in understanding the spoken or 
written word. Amnesic aphasia shows as the inability to remember the right 
words to use. 

Associated with the terminology of aphasia are the terms aynosia and 
apraxia. Agnosia refers to an inability to recognize the form or nature of objects, 
and apraxia refers to a lack of ability to show knowledge of the use of objects, 
or perform useful movements correctly. The term agnosia is used with other 
terms, as tactile, auditory, or visual, to indicate its range (Nielson, 1 !)4(»). 

Weisenburg (1994) has stated that it may never be possible to localize 
from an anatomic standpoint the causes which lead to aphasie disturbances 
since the complex processes involved in the comprehension and utterance of 
language depend on the function of the entire brain. Nevertheless, the following 
conventional account has historical interest and contains a kernel of truth. 
Destruction of the triangular and opercular portions of the inferior frontal 
gyrus is said to cause a loss of ability to earn’ out the coordinated movements 
required in speaking, but does not impair the ability to move the tongue or 
lips (Fig. This defect is known as motor aphasia and this cortical area is 

Broca's center (see pages 444 and 445, c;psgs P2 and 14). In the same way, 
after a lesion in the posterior part of the left superior temporal gyrus, the 
patient may hear the spoken word, but no longer comprehend its meaning. 
'This is sensory aphasia or irord deafness. A description of such a case is given 
by Hemphill and Stengel (1940). Word blindness , the inability to understand 
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the printed or written language, although there is no impairment ot vision, 
may result from lesions in the angular gyrus. These three areas are often 
spoken of as speech centers and are closely united by association fibers. In fact, 
it is not altogether clear to what extent such defects as those mentioned above 
are dependent upon the destruction of the association tracts which lie sub¬ 
jacent to the speech areas (Bing, 19‘25). 



spending with vocalization or speech arrest, depending on conditions. One area, indicated by 
arrows, occurs on medial snrlace. The motor area lor loot, ankle, and toes turns over the medial 
margin of the hemisphere; the area for the alimentary tract sinks into the lateral fissure and ex¬ 
tends onto the insula (arrows above and below indicate this). 


Speech being peculiarly human makes it necessary to rely upon man for 
knowledge of it. Studies of aphasia depend upon more or less permanent 
damage to portions of the brain, but the neurosurgeon of necessity at times 
studies responses to electrical stimulation of the brain during operation on 
intact, unauesLhelized, cooperative subjects, who can report on the subjective 
side of the experiment. 

Stimulation of areas concerned with speech in some of Penfield's cases 


has added appreciably to knowledge of their physiology. In his hands stimulation 
of small local areas in the Kolandie area on the precentral and postcentral 
gyri related definitely to the face area (lips and tongue) produced vowel sounds 
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without words, continued during the stimulus or until the breath was exhausted, 
and, if the stimulus was continued there occurred a pause for inspiration, and 
further vocalization to the end of the stimulus. The area concerned is bilateral 
and overlaps that for lip, jaw, and tongue movement. Vocalization also occurs 
when a small region adjoining the supplementary motor area on the medial 
side of the superior frontal convolution is stimulated in either hemisphere 
(Fig. c 2(j 1). 

Arrest of speech that was in progress followed stimulation of approximately 
the same areas as those producing vocalization, but occasionally extended over 
to the area for movements of the throat and swallowing. This too was found 
in either hemisphere. In the dominant hemisphere , arrest of speech followed 
stimulation in three other zones: one in the inferior frontal region just anterior 
to the precentral gyrus in the so-called motor speech area, or Broca's con¬ 
volution; another in the parietal region posterior to the postcentral gyrus and 
just above or anterior to the fissure of Sylvius; and a third in the posterior 
part of the temporal cortex beginning about 7 cm. from the tip of the temporal 
lobe. Patients whose speech was arrested by stimulating Broca's area seemed 
unable to speak and afterward one reported that he could not think. Such 
stimulation sometimes caused the speech to slow down before coming to a 
full stop, and prevented further speech if continued during the silent period. 
Stimulation in the parietal zone, if the arrest of speech was not complete, 
caused patients to use words incorrectly, though the error was recognized 
as such. Stimulation in the temporal region disturbed the memory of object 
names or caused confusion in the use of words. The effects as reported have 
such similarity to symptoms in some cases of aphasia that it must be supposed 
the areas stimulated were temporarily prevented from functioning. As a corol¬ 
lary it follows, as Penfield and Rasmussen remark, that the integrity of each 
of the speech areas is necessary for the mental processes involved in speaking. 

The Cortex and Consciousness. Though difficult to define, each one knows 
from his own experience something for which the word consciousness stands. 
It is appropriately considered in relation to speech mechanisms, for evidence 
of its presence is dependent upon communication between individuals as con¬ 
sciousness is essentially a "subjective experience. From earliest times the seat of 
consciousness has been placed in this or that position of the nervous system or 
other part of the body, but without permanent assignment. In some way it 
results from the activity of the nervous system and probably chiefly from 
activity of the cerebral cortex. It is, however, a function which can not be very 
sharply localized. Penfield has suggested that, although all parts of the brain 
may be involved in normal conscious processes, it is probable that the “indis¬ 
pensable substratum of consciousness" lies elsewhere than in the cerebral 
cortex, perhaps in the dieneephalon. The fact that destructive lesions in the 
diencephalon may be followed by somnolence, and the demonstration that 
stimulation in the reticular system of the brain stem (including that of the 
dieneephalon) brings about widespread alterations in the electrical activity of 
the cortex, would seem to offer support to this idea. In the present state of 
knowledge concerning cortical activity it is the part of wisdom to be very 
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conservative in locating any mental faculty or fraction of our conscious experi¬ 
ence in any particular part of the brain. 

Kven removal of one hemisphere, if it is not the dominant one, does not 
abolish memory and other higher functions of the brain. 

'The functions of the nervous system and the various parts have been 
considered as if they were entirely dependent upon the passage of nerve 
impulses over definite pathways of nerve* fibers. The assumption is that any 
function could be explained if the impulses involved in it could Ik* traced over 
the proper nervous paths. This works very well for reflexes of simple type and 
even relatively complicated responses to recognizable stimuli. The introduction 
of such terms as memory, awareness, or consciousness as functions of the nervous 
system challenges the neurologist to speculate upon possible explanations of 
these and other psychologic phenomena based upon stimuli and paths. Is it 



Figche 2(r2. The cortical areas especially concerned with language, as indicated from clinical cases. 


possible that memory is dependent upon nerve impulses originating out of 
earlier external stimuli that are stored, as it were, in perpetually reverberating 
circuits awaiting a time at which some facilitating impulse might lower the 
threshold of a side chain to the appropriate circuit and allow the “stored 
memory" to enter a conscious realm? Such a question is purely academic at 
the moment. This type of anatomic-physiologic interpretation of mental pro¬ 
cesses serves at least to emphasize the differences in the approaches to under¬ 
standing and human behavior bv the neurologist, the psychologist, psychiatrist 
and others who have equally specialized, if not prejudiced attitudes toward man. 

Interesting speculation about our personal experience in forgetting and 
remembering and relearning arises out of experiments such as those discussed 
by Lash ley (11)5*2) in which monkeys which had learned to discriminate a 
visual pattern, and which had lost the memory of it after bilateral temporal 
lobectomy, remembered it again after being trained on an entirely different 
visual pattern. 

That memories are stored in the cerebral cortex has dramatic demonstra¬ 
tion in the observations of IVnfield, who found that electrical stimulation of 
points on the temporal cortex in conscious patients brought forth distinct 
mental pictures of events and tin* persons involved, or of remembered words. 
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as a song' previously memorized. Such memories were complete and specific 
and resembled dreams, and, though they lasted only as long as the stimulus 
was applied, could be repeated by reapplication of the stimulus. Furthermore, 
there accompanied the evoked memory the emotional pattern attending an 
original incident remembered. Phis was particularly true of fear, which emotion 
at times was produced alone from cortical stimulation without attendant 
hallucination. It is of interest that the patients showed a doubling of conscious 
experience, in that there was not only awareness of the elicited memory but 
ot the environment in the operating room. lVnfield offers evidence that the 
integration of memories is not dependent on association systems of the cere¬ 
bral cortex alone but perhaps also on central (“centrencephalic”) connections 
in the higher brain stem as was assumed by Ilughlings Jackson (Penfieltl, 1950, 
1055). 

^Memory seems to require time to become fixed in the nervous system. 
Animals learning a maze did not recall it subsequently if electric shocks were 
applied within a few minutes after the trial runs, though they did learn and 
recall it if the shocks were delayed as long as four hours afterwards (Gerard, 


Such significant observations lead into enticing trails of speculation as to 
the mechanism of voluntary recall of past experiences; or that of conditioned 
responses; or that of emotions and their “cortical control.” Does the frontal 
pole of the depressed patient, which by lobotomy is disconnected from the 
thalamus in eases of severe anxiety, abnormally stir up memories from the 
temporal cortex with the attendant emotion, or perhaps the emotion alone, 
and is the relief from anxiety based on the destruction of the influence of 
such an agitator? Does the memory of remote events persist in the senile 
individual and that of recent events disappear because the scattered cortical 
destruction that occurs with senile vascular sclerosis limits the receptivity of 
current experience, while dismissing the censor that normally represses con¬ 
tinuous recall of past memories? 

As has been intimated elsewhere, it is chiefly those nervous impulses, which 
are aroused by stimuli acting upon the body from without, that rise above the 
subconscious level and produce clear-cut sensations. The importance of these 
sensations in our conscious experience is no doubt correlated with the fact 
that it is through the reactions, called forth by such external stimuli, that the 
organism is enabled to respond appropriately to the various situations in its 
constantly changing environment. To meet these complex and variable situa¬ 
tions correctly requires the nicest correlation of sensory impulses from the 
various sources as well as their integration with vestiges of past experience, 
and it is in connection with these higher correlations and adjustments that 
consciousness appears. The responses initiated by interoceptive and proprio¬ 
ceptive afferent impulses are more stercolypedjind invariable in character; and 
these reactions are for the most part carried out without the individual being 
aware of the stimulus or the response. • 

The more elaborate the development of the nervous system the greater 
its capacity to react with discrimination to stimuli. To put it in other terms: 
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the more intercalary neurons in the nervous system the more possible inter- 
linneial paths arc* there between the incoming sensory stimulus and tlie outgoing 
motor ones and the less sterotvped the response may be. Man with his most 
highly developed nervous system has the greatest opportunity for variation 
in response to stimuli. With more internuneial neurons between the receptor 
and effector, there is delay in response* to a stimulus, and so it is possible to 
state that the cerebral cortex must affect action in at least three ways: by 
delaying the response to stimulus, allowing for choice in the response, and 
aiding in integrating the action involved. The time of conduction being relatively 
brief, the advantages in choice and integration of the response more than 
compensate for the implied danger of the delay. 


C II A P T E R : 


The Great Afferent 
and Efferent Systems 


EXTEROCEPTIVE PATHWAYS TO THE CEREBRAL CORTEX 

This chapter repeats items that have been given in various parts of the text 
blit it seems desirable to sum up the main faets about the sensory and motor 
pathways here. Other specific details may be found in the appropriate sections. 

The outer world has for the most part a crossed representation in the 
cerebral cortex. Cutaneous stimuli received from objects touching the right 
side of the body, and optic stimuli produced by light waves coming from the 
right half of the field of vision, are propagated to the cortex of the left hemi- 



Fioure *203. Diagram of the cervical spinal cord (after Walker) to show the relative position 
of fibers associated with different regions of the body in the tracts of the spinal cord. The dividing 
lines are arbitrary as there is much overlapping and intermingling of fibers. C, Cervical: 7’. thoracic; 
L, lumbar; S. sacral. 


sphere. The crossed representation in the case of hearing is less complete, 
partly because every sound wave reaches both ears, but also because the 
crossing of the central auditory pathway seems to be incomplete. 

The grouping of the afferent fibers in the peripheral nerves differs from that 
in the spinal cord. In each of the spinal nerves several varieties of sensory 
fibers are freelv mingled. In the cutaneous branches are found conductors of 
thermal, tactile, and painful sensibility, while the deeper nerves contain fibers 
for pain and sensations of pressure-touch as well as for muscle, joint, and 
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tendon sensibility. Bemuse ol* the intermingling of the various kinds ot fibers 
a lesion of a spinal iutvc results in a loss of all modalities ol sensation in tin* 
area supplied exelusively by that nerve. At the margin of any such area there 
is a distinct overlap by nerves supplying adjacent areas, so marked that a 
small nerve may not be missed if its fibers are out, or the loss ot it may be 
detected only by a diminution of sensitivity from an area. 


Internal capsule 



In the spinal cord a regrouping of the afferent impulses occurs, such that 
all of a given modality travel in a path by themselves. All those ot touch and 
pressure, whether originally conveyed by the superficial or deep nerves, find 
their way into a common path in the cord. In the same way all painful 
impulse's, whether arising in the skin or deeper parts, follow' a special course 
through the cord. Another intramedullary path conveys impulses from the 
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muscles, joints, and tendons. These various lines of conduction within the cord 
are so distinct from each other that a localized spinal lesion may interrupt 
one without affecting the others. A striking illustration of this is the loss of 
sensibility to pain and temperature over part of the body surface without any 
impairment of tactile sensibility as a result of a disease of the spinal cord, 
known as svringoinvelia. 

While we shall here confine our attention to the afferent channels leading 
directly toward the cerebral cortex, il should not be forgotten that these are 
in communication with the reflex apparatus pertaining to all levels of the 
spinal cord and brain stem. 

The Spinal Path for Sensations of Touch and Pressure. 'Tactile impulses 
which reach the central nervous system by way of the spinal nerves are relayed 
to the cerebral cortex bv a series of at least three units. 



Ffcchb Diagram of the medulla at the level of the inferior olivary nucleus to show the 

relative position in the lateral spinothalamic tract of filters from the cervical (C). thoracic (7), 
lumbar (L), and sacral (S) regions of the spinal cord (after Schwartz and O'Leary). 


Xefkox I. The first of this conduction system has its cell body, which 
typically is unipolar, located in the spinal ganglion, and its axon divides in the 
manner of a T or Y into a central and a peripheral branch. The peripheral branch 
runs through the corresponding spinal nerve to the skin, or in the case of those 
fibers subserving the tactile functions of deep sensibility, to the underlying 
tissues. The central branch from the stem process of the spinal ganglion cell 
enters the spinal cord by way of the dorsal roots. The touch fibers are myelinated 
and enter the posterior funiculus through the medial division of the dorsal root, 
and, like all other dorsal root fibers, they divide into ascending and descending 
branches. The ascending branches run for varying distances in the posterior 
funiculus, giving off collaterals before they terminate in the gray matter of 
the spinal cord, some few at least even reaching the nucleus gracilis and 
cuncatus in the medulla oblongata. At carving levels the collaterals enter the 
gray substance of the eolumna posterior amijorm synapses with the neurons 
of the second order (Fig. ^(id). 

A J euron II with its cell body located in the posterior gray column, sends its 
axon across the median plane into the ventral spinothalamic tract in the 
opposite anterior funiculus. In this the fiber ascends through the spinal cord 
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and brain stem lo lhe thalamus. 'I'llis trad gives oft fibers, either eollateral or 
terminal, to the reelieular formation of the brain stem. 

Other neurons of the seeoml order in the tactile path are located in the 
gracile and cuneate nuclei of the medulla oblongata, and their axons after 
crossing the median plane ascend in the medial lemniscus of the opposite side 
to end in the thalamus. All of these secondary tactile fibers end within the 
posterolateral ventral nucleus. 

The course ot the ventral spinothalamic tract through the medulla oblongata and pons is not 
accurately known. It has generally been figured as joining the lateral spinothalamic tract dorso¬ 
lateral to the olive. Hut, since lesions in the lateral area of the medulla oblongata may cause a 
loss of pain and temperature sensation over the opposite hall’ of the body without affecting tactile 
sensibility, it is not improbable that Dcjerine (15)1 f) is correct in supposing that it follows a 
median course, its fibers accompanying those of the medial lemniscus (Figs. '■'Gt, l 2GS: Economo, 
15)11: Spi Her, 15)13). 

There is reason lo believe that the ventral as well as the lateral spinothalamic tract consists 
in part of short relays with synaptic interruptions in the gray matter of the spinal cord and brain 
stem, and the two tracts are sometimes designated as the spino-reticulo-thalamic path. 

Thus in the spinal cord there appear to be lwo tracts which convey 
tactile impulses toward the brain, an uncrossed one in the posterior funiculus 
and another that crosses into the opposite anterior funiculus. Since these overlap 
each other for many segments, this arrangement would account for the fact 
that contact sensibility is usually unaffected by a purely unilateral lesion (Head 
and Thompson, 1906; Potlnnann, 1906; Pctren, 1902). 

Among the fibers of contact sensibility, which ascend in the posterior 
funiculus to the cuneate and gracile nuclei of the same side, are those that 
subserve the function of tactile discrimination, or, in other words, the ability 
to recognize the duality of two closely juxtaposed points of contact, as when 
the two points of the compasses or dividers are applied simultaneously to 
the skin. Furthermore, those elements of tactile sensibility, which underlie the 
appreciation of the form of objects or stereognosis, ascend uncrossed in the 
posterior funiculus to the gracile and cuneate nuclei. 

Nkukon III. The neurons located in the posterolateral ventral nucleus 
of the thalamus, with which the tactile fibers of the second order enter into 
synaptic relations, send their axons by way of the thalamic radiation through 
the posterior limb of the internal capsule and the corona radiata to the somes- 
tlictic area of the cerebral cortex in the posterior central gyrus (Figs. 205, 259). 

The Spinal Path for Pain and Temperature Sensations. Pain and temper¬ 
ature sensations are mediated by closely associated though not identical paths, 
and it is convenient to consider them at the same time. 

Nkguox I. The first neuron of this system has its cell of origin located in 
the spinal ganglion. Its axon divides into a peripheral branch, directed through 
the peripheral nerve to the skin, or in the case of the pain fibers also to the 
deeper tissues, and a central branch, which enters the spinal cord through the 
dorsal root and almost ai once terminates in the gray matter of the posterior 
gray column (Fig. 266) . 

Xkuuox II. From these dorsal root fibers the impulses are transmitted 
(perhaps through the intermediation of one or more intercalated neurons) to 
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the neurons of the second order. These have their cell bodies located in the* 
posterior gray column, and their axons promptly cross the median plane and 
ascend in the lateral spinothalamic tract to end in the posterolateral ventral 
nucleus of the thalamus. In addition to this long uninterrupted path there 
probably also exists a chain of short neurons with frequent interruptions in the 

Internal capsule 



Posterolateral ventral nucleus of 
thalamus 


Mesencephalon 


Medulla oblongata 


& 



— Lateral spinothalamic tract 


Spinal cord 


Dorsal root and spinal ganglion 


Figvke Diagram of I lit* path lor pain and tnnperaturo sensations. 


gray matter of the spinal cord, which serves as an accessory path to tin* same 
end station. In the medulla oblongata the spinothalamic tract lies dorsolateral 
to the inferior olivary nucleus; in tin' pons ij> approaches the lateral border of 

*4 

the medial lemniscus which it accompanies through the mesencephalon to the* 
thalamus (Figs. 2(>.'5. 2(>8); while it is situated quite superficially in the mesen¬ 
cephalon and is more closely associated at this level with the lateral than wi 
the medial lemniscus. 
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The spinothalamic tract can he reached by operation in three general 
regions and cut without appreciable disturbance of motor paths. It is not 
uncommonly cut in eases of intractable pain in the spinal cord where it may be 
reached bv a shallow incision ventrolateral!v; it may be cut in the lateral 
portion of the medulla oblongata just ventral to the spinal tract ot the 
trigeminal nerve; and it can be reached surgically and severed at a level slightly 
caudal to the exit of the trochlear nerve (Rasmussen and Peyton, 1941). The 
"tickling" sensation produced by repeated light contact is abolished by 
severance of the lateral spinothalamic tract in the medulla for intractable 
pain, even though the medial lemniscus is left intact. 

Ni SURON III. Fibers arising from nerve cells located in the posterolateral 
ventral nucleus of the thalamus convey thermal and painful impulses to the 
somesthetic area of the cerebral cortex in the posterior central gyrus by way 
of the thalamic radiation and the posterior limb of the internal capsule. 

The Exteroceptive Paths Associated with the Trigeminal Nerve. The tri¬ 
geminal nerve mediates tactile, thermal, and painful sensations from a large 
part of the cutaneous and mucous surfaces of the head. While there is reason 
to believe that the tactile impulses mediated by this nerve follow a central 
course distinct from that of thermal and painful sensibility (Gerard, 1923), 
we shall for the sake of simplicity consider the exteroceptive connections of 
this nerve as a unit. 

Neuron I. The axon of a unipolar cell in the semilunar ganglion divides 
into a peripheral branch, distributed to the skin or mucous membrane of the 
head, and a central branch, which runs through the sensory root (pars major) 
of the trigeminal nerve into the pons. Here it divides into a short ascending 
and a long descending branch. The former terminates in the main sensory 
nucleus, and the latter in the spinal nucleus of that nerve (Fig. 2(17). 

Neuron II. The fibers of the second order in the sensory paths of the 
trigeminal nerve arise from cells located in the main sensory and the spinal 
nucleus of that nerve, and after crossing the raphe they run in two tracts to 
the posteromedial ventral nucleus of the thalamus. The veniral secondary 
afferent path is located in the ventral part of the reticular formation, close to 
the lateral spinothalamic tract in the medulla oblongata and dorsal to the 
medial lemniscus in the pons and mesencephalon (Figs. 185, 2(jS). The dorsal 
tract lies not far from the floor of the fourth ventricle and the central gray 
matter of the cerebral aqueduct. It consists in considerable part of uncrossed 
fibers and of fibers having a short course (Wallenberg, 1905; von Economo, 1911; 
Dcjcrine, 1914). 

Neuron III. The afferent impulses are relayed from the thalamus to the 
cortex of the posterior central gyrus by fibers of the third order, which run 
through the posterior limb of the internal capsule, l'heir cells of origin are 
located in the posteromedial veniral nucleus of the thalamus (Fig. 205). 

The Neural Mechanism for Hearing. The spiral organ of Corti within the 
cochlea is connected with the auditory center in the cerebral cortex by a chain 
of three* or more units. 

Neuron I. The bipolar cells of the spiral ganglion within the cochlea each 
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send a peripheral process to end in the spiral organ of Corti. Each sends a 
central branch to ramify in the cochlear nuclei, where it forms synaptic con¬ 
nections with the auditory neurons of the second order (Fig. ISO). 

Xk rnox II. Phe cells, located m the ventral and dorsal cochlear nuclei, 
give rise to libers which after crossing the median plane form the lateral 
lemniscus of the opposite side. Those from the ventral cochlear nucleus cross 



Figckk 207. Diagram of the exteroceptive pathways associated with the trigeminal nerve. 

the pons in the trapezoid body, giving off collaterals to the superior olivary 
nuclei and the nuclei of the corpus trapezoideum, and may be joined by fibers 
taking origin in these nuclei. Lateral to the contralateral superior olivary 
nucleus they turn abruptly rostrad in the lateral lemniscus. The fibers from the 
dorsal cochlear nucleus run beneath the floor *o£ the fourth ventricle, and then, 
dipping into the reticular formation of the pons, cross the median raphe to join 
the trapezoid body and enter the lateral lemniscus. While this tract is for the 
most part a crossed one, some fibers probably enter the lateral lemniscus from 
the cochlear nuclei of the same side. This accounts for the fact that it is very 
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Dorsal secondary Tr. NV. 
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Lat. corticobulbar Tr. 


Med. corticobulbar Tr. 




Vent, spinothalamic Tr. 

Dors, spinocerebellar Tr. 
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Vent, spinocerebellar Tr. 
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bulbar Tr. 
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Fir.ntK 2(>8. Diagrams showing the location ol the most important tracts ol tlie brain stem 
based on figures by Dcjerine, modified according to Rasmussen and Peyton. Solid red. aberrant, 
bundles of the corticobulbar tract; red stipple, corticospinal tract; solid blue, secondary afferent paths 
of the trigeminal nerve; horizontal blue lines, the medial lemniscus (proprioceptive); blue stipple, 
ventral spinothalamic tract (or tactile path); blue circles, spinal root ol the trigeminal nerve; 
solid black, lateral spinothalamic tract (pain and temperature); black triangles, ventral spino¬ 
cerebellar tract; black circles, dorsal spinocerebellar tract; black stipple, rubrospinal tract. A, 
Through the mesencephalon at the level ol the interior colliculus; II, through the rostral part ot 
the pons; C, through the medulla at the level of the olive. 
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rare to have total deafness in either ear resulting from damage to the auditory 
pathway within the brain. The fibers of this fillet give off collaterals to the 
nucleus of the lateral lemniscus, from which some additional fibers may be con¬ 
tributed to the tract, which finally terminates in the medial geniculate body and 
the inferior colliculus of the corpora qundrigemina. The latter, however, serves 
only as a reflex center, while the medial geniculate body is the way station 
on the auditory path to the cerebral cortex. 

Xeuuox III. Through synapses in the medial geniculate body the auditory 
impulses are transferred to neurons of the third order, whose cell bodies are 
located in this nucleus and whose fibers run through the auditory radiation 
and the sublentieular part of the internal capsule to the auditory receptive 
center in the cerebral cortex. It will be remembered that this center is situated 
in the transverse temporal gyri. located upon the dorsal surface of the temporal 
lobe (Figs. 52, 259). 

The Neural Mechanism for Sight. l he nervous impulses responsible for 
vision travel over a conduction system composed of at least four units. Since 
this mechanism has already been considered as a whole it is necessary for us to 
enumerate here only the separate units of which it is composed (Figs. 190, 
191) . 

Xeuuox I. Visual cells of the retina including the rods and cones, which 
are differentiated as receptors for photic stimuli. 

Xeuuox II. Bipolar cells of the retina, forming synapses with the visual 
cells, on the one hand, and the ganglion cells on the other. 

Xeuuox III. Ganglion cells of the retina, whose axons enter the optic 
nerve, undergo a partial decussation in the optic chiasma, and end in the lateral 
geniculate body, superior colliculus of the corpora quadrigemina, and the 
pretectal region. 

Xeuuox IV. From cells in the lateral geniculate body axons run by way 
of the geniculocalcarine tract through the sublentieular part of the internal 
capsule to the visual receptive center in the cerebral hemisphere. This is located 
in the cortex on both sides of the calcarine fissure and occupies portions of the 
cuneus and the lingual gyrus (Fig. 259). 

PROPRIOCEPTIVE PATHWAYS 

\Y e have traced the course of the afferent impulses from the skin and from 
the eye and ear to the cerebral cortex, and have learned that they piny an 
especially important part in conscious experience. The stimulation of these 
exteroceptive sense organs initiates both conscious and reflex adjustments of 
the body to its environment. But the resulting movements serve to excite the 
sensory nerve endings in the muscles, joints, and tendons, and any quick move¬ 
ment or change in position of the head will also excite the nerve terminals in 
the semicircular canals of the ear. From th<*sc sources afferent impulses pour 
back into the nervous system along special paths to centers which to a great 
extent are separate from those devoted to the exteroceptive functions and serve 
to regulate the movements alreadv initiated. 'The necessitv for such regulation 
is well illustrated by the ataxic gait of a tabetic in whom the afferent impulses 
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from the* muscle's, jehnls, and tendons arc more or less completely lost. In a sense 
the proprioceptive functions of the nervous system are secondary to the extero¬ 
ceptive, since the purpose of both is the proper adjustment of the organism to 
its environment by means of reactions, called forth by external stimuli, but 
regulated and controlled through afferent impulses arising within the body. 

Since, in the regulation of movement, the proprioceptive subdivision of the 
nervous system has to deal with constant factors, inherent in the arrangement 
of the muscles, the resultant responses are more stereotyped and invariable in 
character and are, for the most part, subconsciously executed. These reactions 
belong more to the province of the cerebellum than to that of the cerebrum. 

Of the long ascending channels mediating afferent impulses from the 
muscles, joints, and tendons, only one extends to the cerebral cortex by way of 
the thalamus; all the others end in the cerebellum. In fact, the cerebellum is 
the great correlation center for afferent impulses of the proprioceptive group, 
whether they are conveyed by the vestibular nerve or the muscular branches 
of the spinal nerves. In addition, impulses of visual, auditory, and tactile origin 
also pass to the cerebellum and are presumably coordinated with proprioceptive 
impulses to aid in the synergy of muscle action. 

.Motor responses to both exteroceptive and proprioceptive stimuli like all 
motor impulses to skeletal muscle are conveyed to the muscles over the anterior 
horn cells which Sherrington appropriately named “the final common path." 

The Spinal Proprioceptive Path to the Cerebral Cortex. The conduction 
system conveying to conscious levels sensations of position and posture and of 
active and passive movements consists of a chain of at least three units. 

N kuron I. The cell bodies of the neurons of the first order belonging to 
this system are located in the spinal ganglia. Their axons are myelinated and 
divide into peripheral branches, running to specialized end organs within the 
muscles, joints, and tendons, and central branches directed through the medial 
division of the dorsal root into the posterior funiculus of the spinal cord. Here 
they divide, and their ascending branches run through the posterior funiculus 
to terminate in the gracile and cuneate nuclei of the medulla oblongata, where 
they enter into synaptic relations with neurons of the second order (Fig. 269 ). 

Xkuron II. From cells located in the gracile and cuneate nuclei, the axons 
run as internal arcuate libers across the median raphe in the medulla oblongata 
and ascend by way of the medial lemniscus to end in the posterolateral ventral 
nucleus of the thalamus, where they form synapses with neurons of the third 
order. 

Nktron III. F rom cells in the posterolateral ventral nucleus of the 
thalamus, fibers pass by way of the thalamic radiation through the posterior 
limb of the internal capsule to the posterior central gyrus or someslhelio area 
of the cerebral cortex. 


Spinal Proprioceptive Paths to the Cerebellum. While the path described 
is proprioceptive, if is probably also the pathway by which tactile stimuli reach 
the cerebellum. Impulse's from the muscles, joints, and tendons may reach the 
cerebellum by three* routes: 
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A. By Way of the Dorsal External Arcuate Fibers: 

neuron i of this chain is the same as in the path to the cerebral cortex just 
described, the fibers from the dorsal root reaching the lateral cuneate nuclei. 

neuron ii. From cells located in these nuclei axons run as dorsal external 
arcuate fibers to the restiform body of the same side, and thence through the 
white center of the cerebellum, to end in the cerebellar cortex (Fig. 209, red). 

B. By Way of the Ventral Spinocerebellar Tract: 

neuron i. The first neuron in this chain is similar to the primary neuron in 
the two preceding paths. The impulses, however, travel over collateral and 
terminal branches of the dorsal root fibers to reach the posterior gray column 
and intermediate gray matter of the spinal cord. 

neuron ii. From cells located in the posterior gray column and inter¬ 
mediate gray matter fibers run in the ventral spinocerebellar tracts of the same 
or opposite side through the spinal cord, medulla oblongata, and pons, bend 
around the brachium conjuctivum. and then course back along the anterior 
medullary velum to the cortex of the rostral part of the vermis and the dcclive, 
pyramis and uvula (Yoss, 1959) (Fig. 209, blue). 

C. By Way of the Dorsal Spinocerebellar Tract: 

neuron i. The first neuron of this chain is similar to the primary neuron 
in the three preceding paths. The impulses, however, travel over those collateral 
and terminal branches of the dorsal root fibers which ramify about the cells of 
the nucleus dorsalis. 

neuron ii. From cells in the nucleus dorsalis fibers run to the dorsal spino¬ 
cerebellar tract and through the restiform body to the cortex of both the 
rostral and the caudal portions of the vermis (Fig. 209, red). 

Cerebellar Connections of the Vestibular Nerve. The vestibular nerve 
conducts impulses from specialized sense organs in the semicircular canals, 
saccule, and utricle, which are stimulated by movements and changes in posture 
of the head. 

Neuron I. From the bipolar cells of the vestibular ganglion (of Scarpa), 
located within the internal auditory meatus, peripheral processes run to the 
maculae of the utricle and saccule and to the cristae of the semicircular canals. 
The central processes are "directed through the vestibular nerve toward the floor 
of the fourth ventricle and divide into ascending and descending branches. 
While the descending and manv of the ascending branches terminate in the 
vestibular nuclei, many other ascending branches pass without interruption 
to end in the cortex of the flocculonodular lobe and the lingula of the cerebellum 
(Figs. 188, 189). 

Neuron II. Some of the cells situated in the vestibular nuclei send their 
axons, along with the ascending branches mentioned above in the vestibulo¬ 
cerebellar tract, to the cortex of the vermis, and to a less extent to the cortex 
of the cerebellar hemisphere also. >„ 
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EFFERENT PATHS 

The motor apparatus is a complex mechanism into which the pyramidal 
system enters as a single factor. The primary motor neurons of the brain stem 
and spinal cord are also under the influence of'other motor centers than those 
found in the cerebral cortex. They receive impulses from the corpora quadri- 
geinina through the tectospinal tract, from the lateral vestibular nucleus by way 
of the vestibulospinal tract, from the large motor cells of the reticular formation 
through the reticulospinal path, and from the cerebellum by way of the red 
nucleus and rubrospinal fasciculus, etc. (Fig. 275). 

The individual parts of this complex mechanism do not function separately. 
Each of the motor centers contributes its share to the control of the primary 
motor neuron, upon which as the “final common path" all efferent pathways 
converge. Only by keeping this fact constantly in mind can the motor functions 

























The Great Afferent axd Efferent Systems 


395 


be proper]understood. The same idea has been well staled by Walshe (1911)): 

In stimulation experiments on the motor cortex we see a complex motor 
mechanism at work under the influence of an abnormally induced, crude form 
o! hyperactivity of the predominant partner in this mechanism. Conversely, 
idler destructive lesions, we observe it at work liberated from the control of 
this predominant partner and deprived of its actual cooperation.” 

On the other hand, the grave motor disturbances resulting from lesions in 
the basal ganglia and especially the corpus striatum with little or no involvement 
ot the corticospinal tracts (paralysis agitans: bilateral athetosis, and progressive 
lenticular degeneration, Wilson, 1912, 1914) have called attention to the clinical 
importance ot the corpus striatum and the extrapyramidal motor paths. In these 
disc uses voluntary movements arc impeded by tremor, rigiditv, and athetosis, 
and in all probability these disturbances arise because the pyramidal system is 
deprived of the cooperation of one of the subordinate “partners” in the motor 
combine. 

Even after cerebral control has been entirely eliminated in the cat by removal 
of the cerebral hemispheres, corpus striatum, and thalamus, leaving only the 
hypothalamus and subthalamus in connection with the brain stem, this animal 
is able to stand and walk. Subordinate motor centers situated in the sub¬ 
thalamus and rostral portion of the mesencephalon play a very important part 
in the reflexes involved in standing and walking (llinsey, Hanson, and MeNal- 
tin, 1990). If all of the brain is removed, many spinal reflexes can still be 
elicited: and we know that somewhat similar independent reflex activity may 
occur in the spinal cord of man after total transverse lesions. 

In the cat with spinal cord transected in the thoracic region the hind 
limbs will support the body in a standing position for a while if the animal's 
hindquarters are not allowed to topple sidewise. An interesting observation 
on rhythmic action in such a preparation can also be made. If a sensory nerve is 
stimulated in the portion connected with isolated spinal cord, the homolateral 
limb is flexed and the contralateral one is extended. Simultaneous stimulation 
ot sensory nerves on each side results in alternate flexion and extension of a 
limb when the body is suspended. The mechanisms for standing and the basis 
of rhythm are thus within the spinal gray matter, but are under regulation 
bv higher centers in the intact animal. 


THE GREAT MOTOR PATH 

The great motor path from the cerebral cortex to the skeletal musculature, 
through which the bodily activities arc placed directly under voluntary control, 
is in all mammals but especially in man the dominant factor in the motor 
mechanism. Afferent channels from the various extcroceptors reach the cerebral 
cortex: and through correlation of olfactory, auditory, visual, tactile, thermal, 
and painful afferent impulses which pour into it. there is built up within the 
cortex a representation of the outer world and its constantly changing con¬ 
ditions. The responses appropriate to meet the entire situation in which the 
individual finds himself from moment to moment are in large part at least 
initiated in the cerebral cortex and arc executed through the motor mechanism. 
In these responses the great motor path is the dominant factor, although other 
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parts of the mechanism an* secondarily called into action, (‘Specially tin* proprio¬ 
ceptive reflexes ares, including the* coordinating mechanism of the cerebellum. 

This great motor path consists of a chain of at least two neurons, extending 
from cortex to muscle. The cell body of Lin* cortical neuron is a pyramidal cell 
(though not a desirable term it is often called an “upper motor neuron”), the 
axon of which extends from the motor cortex to the motor nuclei of the cerebral 
nerves or to the anterior gray columns of the spinal cord. In the spinal gray 
matter one or more anterior horn cells are in connection with the long cortico¬ 
spinal fibers, either directly or through the intervention of locally placed inter- 
nnneial neurons. The anterior horn cells or primary motor neurons (frequently 
called “lower" motor neurons) send their axons through appropriate motor cells 
to skeletal muscles where each axon branches and supplies endings to a hundred 
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Figure 270 . Cortical localization upon the lateral aspect of the human cerebral hemisphere. 


or more muscle libers. It is possible that another and much shorter element is 
intercalated between the two chief units of this conduction system. 

'The motor cortex occupies the rostral lip of the central sulcus and the 
adjacent portion of the anterior central gyrus, extending over the medial 
border of the hemisphere into the paracentral lobule. Within this area the 
skeletal musculature of the body is represented in an inverted pattern, that 
moving the feet lying superiorly in the precentral gyrus and on the medial 
border of the hemisphere. 'The area from which the eorticobulbar tract arises is 
situated near the lateral cerebral fissure (the region marked Eyelids, Mouth, 
Lips, Tongue. Larynx in Fig. 270). From all the rest of the motor cortex arise 
the fibers of the corticospinal lmet supplying the remainder of the body muscu¬ 
lature. From different parts of the motor area fibers descend to the appropriate 
collection of primary motor neurons supplying the muscles. In this arrange¬ 
ment, however, there is not a strict limitation of descending fibers to corre¬ 
sponding segments of the cord. Some fibers from the hand area in the monkey’s 
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coitex, tor example, reach as tar caudalward as the lumbar region of (lie 
spinal cord. 

The motor path for the spinal nerves includes the corticospinal tract and 
the spinal primary motor neurons. 

Neuron I, or upper motor neuron. The giant pyramidal cells and certain 
other smaller cells of the motor cortex and other cerebral areas give rise to the 
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Figche 271. The corticospinal path. 

fibers of the corticospinal tract, which is also known as the cerebrospinal fascic¬ 
ulus or pyramidal tract. These fibers traverse the rostral half of the posterior 
limb of the internal capsule, the intermediate three-fifths of the basis pcdunculi, 
the basilar portion of the pons, and the pyramid of the medulla oblongata, 
and after undergoing a partial decussation are continued into the spinal cord 
(Figs. 271, 272). At the pyramidal decusstition in the caudal part of the 
medulla oblongata, the greater part of the tract crosses to the opposite side of 
the spinal cord and is continued as the lateral corticospinal tract in the lateral 
funiculus. The smaller part is continued directly into the ventral funiculus of 
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the siiiiic side, a.s tin* venlral corticospinal Intel. The fibers ot the vcailral 
trad cross ll.c median plane a few at a time and terminate, as do those ot 
the lateral tract, direct I v or indirectly in synaptic relations with the primar\ 
motor neurons within ti.e anterior -ray column (Fig. *73). The ventral tract 
,s not evident as a well marked bundle below the level of the midthoracic 
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region. In a small percentage of human eases there is no uncrossed pyramidal 
tract. 

It lias long been known Hint in tin- higher mammals the lateral pyramidal tract, although con¬ 
sisting piedomiualingly ot crossed fibers, contains a lew homolateral fillers also, and according 
to tin. ob.sei \ at ions ol Dejcrine (11)1 t> and other investigators this holds true tor man. Dcjerine 
speaks ot these uncrossed fibers in the lateral corticospinal tract a.s a third bundle arising out of 
I u moloi decussation, and calls it the “liomolatcral” corticospinal fasciculus. 
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Neuron II. The 1 urge multipolar cells of the anterior gray column of the 
spinal cord are the primary motor neurons. They give rise to the motor fibers 
that leave the spinal cord through the ventral roots to be distributed through 
the spinal nerves to the skeletal musculature. 

The motor path for the cranial nerves includes the corticonuclear (cortico- 
bulbar) tract and those fibers of the cranial nerves which innervate striated 
musculature. 

Neuron I. The cortieobulbar fibers arise from the giant pyramidal cells 
of the part of the motor cortex near the lateral fissure. These fibers run through 
the genu of the internal capsule and the basis pedunculi to end. directly or 
indirectly by way of internuncial neurons, in synaptic relation to the primary 



motor neurons of the somatic motor and special visceral motor nuclei of the 
brain stem. Before terminating, the majority cross the median plane, but some 
(aid in the motor nuclei of the same side (Fig. 273). 

Neuron II, primary motor neuron. From the large multipolar cells of the 
somatic motor and special visceral motor nuclei arise fibers, which luu tluough 
the cranial nerves to end m striated musculature. 

The Corticonuclear Tract. According to Dejerine (1014), who, because ot 
the careful study which he and his associates made of this efferent system, 
was most entitled to speak authoritatively on the subject, the corticonuclear 
fibers occupy chiefly the medial part of the basis pedunculi and its deeper layer. 
The fibers separate into two major groups. One part follows the course ot the 
corticospinal tract and descends in the basilar portion of the pons and the 
pyramids of the medulla oblongata. Another part, which he designates as the 
system of aberrant pyramidal fibers , detaches itself from the preceding in small 
bundle's at successive levels of the brain stem. 'These enter the reticular 
formation and descend within the region occupied by the medial lemniscus, 
giving off fibers to the motor nuclei of the cranial nerves (Fig. 274). The fibers 
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u nclergo <M 11 ineom plele deciissation in the* raphe and go chicflv lo llu nuclei 
of inapposite side. 4'lie deenssaIing fibers are grouped in very small bundles, 
those for a given nucleus crossing at the level of that nucleus. 1 'here is great 
variation in the course of the bundles of aberrant pyramidal fibers in different 

brains. 

The chief aberrant bundles which can be traced dorsal ward into the 
reticular formation (indicated in solid red in Fig. 208) are as follows: 

1. The aberrant fibers of the peduncle (Fig. 274, F. A. Pd.) form two 
bundles, which have been called by some authors the median and lateral 
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tic.imo *274. the course of tlie fibers of the corticonuclear (corlicobnlbar) tract. Redrawn from 
Dcjerine. Corticobulbar tract, solid black; corticospinal tract, vertical lines; the medial lemniscus, 
horizontal lines. /•’. ,1. B. /\. Bulboponlile aberrant fibers; /■’. . 1 . />., aberrant fibers of the pons; F. A. 
Pd., aberrant fibers of the peduncle; /•’. .1. Stli.. subthalamic aberrant fibers; Tr. oh. lot., traetus 
< oi tic ohulhniis lateralis; 7 r. eh. mcd.. tract ns corticobulbaris mcdialis. The Roman numerals indicate 
the nuclei of the cranial and cervical nerves which are supplied by the various bundles. 

eoi ticolmlbai tracts. 1 hesc descend in the territory of the medial lemniscus 
(higs. 20a, 2c4) ami give off fibers to the nuclei of the third, sixth, and eleventh 
cianial mixes. Y\ ith these* two bundle's run some' fibers destined for the upper 
uixieal segments ot the spinal cord. 1 his group of aberrant fibers, therefore, 
cemtiol.s the mo\einents ot die eye's and the* associated movements of the* head. 

I he abciianl libers o! the pons (Fig. g?4, F. A. P.) which join the pre¬ 
ceding in the medial lemniscus run lo the motor nuclei of the* trigeminal and 
hypoglossal nerves and to the nucleus ambiguus. 

. f' Iu ' . . I . llil< ’ lil»TS (Fig. 274, ,1. H. />.) leave Clio main 

y s,< ‘ ni Ole level of llie sulcus between the pons 

' t ' l< ' l| l <,l ’ve the preceding groups, supply llie motor nucleus 
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of the facial nerve, and send fibers to the nucleus ambiguus and to that of the 
hypoglossal nerve. 

These facts are of the greatest importance for the clinical neurologist. 
Lesions restricted to the basilar portion of the pons are likely to destroy at the 
same time the corticospinal fibers and those of the cortieobulbar tract which 
end in the facial nucleus. A lesion confined to the reticular formation and 
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Figure ‘■ 27 .Y A diagram showing many of the routes by which impulses reach the primary motor 

neuron, the final common path to skeletal muscle. 


involving the medial lemniscus may, according to its level, sever the eortieo- 
bulbar fibers for the motor nuclei of the eye-muscle nerves or those for the 
motor nuclei of the trigeminal, accessory, and hypoglossal nerves without in¬ 
volvement of the corticospinal tracts. Conjugate deviation of the head and 
eyes, not often seen as a result of damage Ho tlit* basilar portion of the pons, 
may result from tegmental lesions involving the aberrant libers of the peduncle. 

The Extrapyramidal Motor Paths. In recent years it has become increas¬ 
ingly evident that the pyramidal system is not the only channel through which 
volitional impulses are able to reach the primary motor neurons of the brain 
stem and spinal cord. After the motor cortex of Area 4 has been removed. 
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r,-ir;i<lic slimuh.lions of Arons ... 5, ,.n.l « ‘-vokr mass movmmmts of the 

..; i( , si,I,- Of II .0 .. (I’ijs. *?«)• Tho impulses inilmlmg these movements 

,,,'vol lo Ih0 spinal eor.l over exlrapyrnmnlnl molor paths, eoneornmg which 
surprisingly lilllo is known. After removal of Area 4 volitional acts can still 
he performed lo some extent, and. in higher primates, increase m ability to 
use a paralyzed forelimh can he obtained when the use of tho normal hand is 
restricted. Ollier information concerning extra pyramidal motor functions is 

given on pp. .‘>17, •>(>•>* 

THE CORTICOPONTOCEREBELLAR PATH 

The corlieoponlocerebellar pnih is an important descending conduction 
system whieli places the cerebellum under the intluence of the cerebral cortex. 

Red nucleus 



ee a pari ol tlie corlieoponlilc libers are collaterals gi\ cn oil to the nuclei 
ot llie pons by the corticospinal libers, and since in many mammals practically 
all ol the corlieoponlilc libers are represented by such collaterals (Cajal, 1900), 
one can scarcely avoid the conclusion that through this system the coordinating 
mechanism ol the cerebellum is brought into play lor the regulation of move¬ 
ments initiated from the cerebral cortex (Fig. 27(5). 

Xm nox I. 1 loin p\ ramidal colls in the frontal lobe ol the* cerebral cortex 
fibu.s pass thiough tin' anterior limb of the internal capsule and the medial 
lillh ol tin basis pcduneuli. and similar libers from the temporal lobe 
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descend through the sublcnticuiav part of the internal capsule and the lateral 
one-fifth of the* basis peduncnli. These fibers, together with corticopontine 
fibers from the parietal lobe and the corticospinal tract, form the longitudinal 
fasciculi of the pons, and, along with collaterals from the pyramidal tract, they 
end within the nuclei pontis in synaptic relations with the neurons of the 
second order (Figs. Kil, C 2?G). 

XivFKON II. Arising from cells in the nuclei pontis, the transverse fibers 
of the pons cross the median plane and run by way of the middle cerebellar 
peduncle and white substance of the cerebellum to the cerebellar cortex of the 
opposite side. 

The cortico pontocerebellar system appears l<> play an important part in the eooidnialion of 
large movement eomplexes. According to Turner and (lernum (I0-H), section ol the braehinm 
pontis in monkeys caused a serious disturbance in the coordination ol the lower with the upper 
extremities in locomotion but did not significantly affect the execution ol precise manual functions 
or learned behavior. Section of the frontopontine path in man results in no apparent deficit. 
It is likely that more precise quantitative measurement of the effects would be necessary to disclose 
the cfleets ol such a lesion. 

THE CFJREBELLORUBROSPINAL PATH 

The cercbcllorubrospimil path is the conduction system through which the 
cerebellum contributes part of its important share to the control ol the primary 
motor neurons of the spinal cord for the regulation ot muscular lone and the 
production of motor synergy. Other efferent connections of the cerebellum have 
been discussed on page C 2S1, 
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Xki’hox I. From tlx* Purkinje cells of the cerebellar cortex fibers run to 
terminate in (lie cent nil nuclei of (lie cerebellum, especially the dentate nucleus 
(Fig. 27(>). 

Xkikox II. Arising chiefly from the cells of the dentate nucleus, fibers run 
through the superior cerebellar peduncle, undergo decussation in the tegmentum 
of the midbrain ventral to the inferior colliculi, and end in the red nucleus and in 
the nucleus ventralis lateralis of the thalamus (this thalamic nucleus projects 
fibers to the precentral motor areas of the cerebral cortex) (Figs. 27(>\ 277). 

Xuruox III. From the cells in the red nucleus arise the fibers of the 
rubrospinal tract, which cross the median plane in the ventral tegmental 
decussation, and descend through the reticular formation of the brain stem 
and the lateral funiculus of the spinal cord. Here this tract occupies a position 
just ventral to the lateral corticospinal tract, and its fibers end in the anterior 
gray column in relation to the primary motor neurons, fhe fibers that reach 
lumbosacral segments of the cord come from ventral and ventrolateral portions 
of the red nucleus, while cervical and thoracic segments are supplied by fibers 
from the dorsal and dorsomedial portions (Pompeiano and Brodal. 1957) (Fig. 
109). 


RETICULAR FORMATION 

Running through the brain stem, forming a good proportion of the back¬ 
ground in the medulla and higher levels, are a number of fibers belonging to 
the reticular pathways, winch have been studied increasingly in recent years. 
More or less paralleling the named motor and sensory pathways, and involving 
phylogenetically old and new connections, the reticular system has basically 
important effects on nervous mechanisms. It contains both inhibitory and 
excitatory elements in terms of the effect on other structures. Toward the 
caudal position of the nervous system, the effects are shown m contributions 
to proper motor performance. In higher levels the work of the reticular system 
appears to be fundamental to the slate of “wakefulness" and so of most cerebral 
functions (Magoun. 1950). Various connections of the reticular mechanism, 
though by no means all of them, have been considered. It is not feasible to 
arrange them in the order of a sequence of neurons. 


CHAPTER XX 


Reflexes and Reflex Arcs 


AVe have considered the afferent paths lending to the cerebral cortex and to the 
cerebellum as well as the efferent channels which conduct impulses from these 
centers to the skeletal musculature. But there are many paths by which impulses 
may travel more directly from receptor to effector: these are known as reflex 
arcs. The ascending or descending fibers may be quite long: some reflexes, 
for example placing reactions of lower animals, are dependent upon the integrity 
of the motor area of the cerebral cortex. It will be worth while to review 
briefly a few of the more important of these rather direct receptor to effector 
circuits. 

Reflex Arcs of the Spinal Cord. Neuhon I. Primary sensory neurons, 
with cell bodies in the spinal ganglia, convey impulses from the sensory endings 
to the spinal cord, then along the ascending and descending branches resulting 
from the bifurcation of the dorsal root fibers within the* cord, and along the 
collaterals of these branches to the primary motor neurons, either directly or 
through an intercalated central unit (Figs. 90, 198, 139). 

X KIT HON II. The central neurons have their cell bodies in the posterior 
orav column and may belong to C*olgi s type II, having short axons restricted 
to the <>'rav matter: or their axons may be long, running through the fasciculi 
proprii to the ventral horn cells at other levels of the cord. Some ot these 
central axons cross the median plane in the anterior commissure. 

Xei t kox IH. Primary motor neurons, with cell bodies in the anterior gray 
column, send their axons through the ventral roots and spinal nerves to the 
skeletal musculature. In the case of visceral reflexes, the motor neuron has 
its cell body located in the intermediolateral cell column, and its axon runs as 
a preganglionic fiber to an autonomic ganglion, whence the impulses are relayed 
by a fourth or postganglionic neuron to involuntary muscle or glandular tissue. 

The reflex paths of the cranial nerves v are similarly constituted. Rarely if 
CVO r do the sensory fibers form synapses directly with the motor cells. 'Pile 
central neuron, which has its cell located in the sensory nucleus of a given 
nerve, sends its axon through the reticular formation to the motor nucleus 
of the same or of some other nerve (Figs. 151, 105). Two of the reflex circuits 
connected with the vestibular nerve require special attention. 
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Vestibular RcHcx Arc through the Medial Longitudinal Bundle. \i;i i«>.\ 
I The bipolar cells of llie vestibular ganglion in the internal auditory mcatm 
semi peripheral pi'oee.-'M's t<> lilt* erislae ol the scmieirculai canals and niaeulae 
of the .saccule and utricle. Their central processes run through the vestibular 
nerve to the vestibular nuclei (Figs. LSS, 278). 

Xioruox II. (’ells in the medial, spinal, and superior vestibular nuclei 
send their axons into the medial longitudinal fasciculus of the same' or the 
opposite side, within which they run giving off branches to llit' nuclei of the 


M. rectus medialis 


/ Oculomotor nerve 
/ / 



oculomotor.. trochlear. ab.lncens nerves ami lo the motor cells of tin 
cemcal portion ol the spinal cord (Fig. 278). 

Xiakox III. Inman- motor neurons of the oculomotor, trochlear, alxlu- 

cens. accessory an, eervical s|,inal nerves semi Iheir axons to the muscles that 
lll( >ve the head and eyes. 

iseoneerncl with the reflex regulation of the combine,I movements 
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organs and the skeletal musculature and consists of the following parts: the 
vestibular nerve; the vestibulospinal tract, which has its origin in the lateral 
vestibular nucleus, and descends in the ventral funiculus of the same side 
of the spinal cord: and the primary motor neurons of the spinal cord (Fig. 278). 

The afferent impulses reaching the medulla oblongata by way of the vagus 
give rise to a great variety of reflexes. While these are for the most part purely 
visceral, some are executed by the somatic musculature. 
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Figure *- 270 . Reflex mechanism of coughing and vomiting. 

The reflex mechanism for vomiting and coughing is illustrated m Fig. 2/9. 
As the result of an irritation of the stomach, gallbladder, or duodenum, and 
other viscera, nerve impulses pass along splanchnic nerves and on through 
dorsal roots to the spinal cord as well as along afferent fibers of the vagus nerve 
to the tractus solitarius (Borison, 1957). After passing through synapses m the 
nucleus of that tract and probably through oilier synapses m the reticular 
formation, the impulses travel down the spinal cord to the primary motor 
neurons which give rise to the fibers innervating the diaphragm and abdominal 
muscles. At the same time the musculature, surrounding the cardiac orifice 
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of |||o stomach, relaxes owing to inhibitory impulse's reaching the canlia irom 
the dorsal motor nucleus of the vagus over the visceral efferent fibers of that 
nerve and an intercalated postganglionic neuron. Closure of the pylorus is 
caused bv impulse's leaving the spinal cord over the splanchnic nerves. 

Vomiting is elicited in animals by electrical stimulation of the region about 
the nucleus solitarms and adjacent lateral reticular formation. Near this region 
are zones related to the other phenomena accompanying emesis: salivation, 
forced respiratory control, vasomotor changes (Borison and Wang, 1919). 

A similar neural circuit is probably responsible lor reflex coughing, from 
the irritated respiratory mucous membrane, as, for example, of the larynx, 
a disturbance is propagated along the afferent fibers of the vagus, through 
the nucleus of the Iraclns solitarius and the descending fibers arising in it to 
the spinal primary motor neurons, which innervate the diaphragm and the 
intercostal and abdominal muscles. It is of interest that the epiglottis is 
innervated profusely on the side toward the larynx and rather sparsely on the 
lingual side. Touching the laryngeal side results in closure of the glottis, though 
this does not normally follow stimulation of the lingual side (Feindel, 1950). 

The corpora quadrigemina are important reflex centers. The path for reflexes 
in response io sound begins in the spiral organ of Corti and follows the cochlear 
nerve and its central connections, including the lateral lemniscus, to the 
inferior colliculus of the opposite side, and to a less extent of the same side 
also. Connections here presumably are made with the large cells of the tectum 
that give rise to tectospinal and teetobulbar fillers reaching primary motor 
neurons ot the cerebrospinal nerves. The visual reflex are begins in the retina, 
follows the optie nerve and optic tract with partial decussation in the chiasma, 
to the superior colliculus of the corpora quadrigemina: thence it is continued 
by way of the tectospinal and teetobulbar paths to the primary motor neurons 
of the cerebrospinal nerves (Fig. 191). 

Pupillary Reactions. 1 he iris is innervated by two sets of autonomic 
nerve-fibers derived Irom the ciliary and the superior cervical sympathetic 
ganglia, respectively. Impulses reaching the iris through the latter ganglion 
induce dilatation ot the pupil; those through the ciliary ganglion cause con- 
stiiction. 1 he latter reaction always accompanies accommodation. The .pre¬ 
ganglionic outflow for pupillary dilatation has been shown to leave the spinal 
cord by spinal nerves in man between the 8th cervical and the 4th thoracic 
spimd segments (Ray, Ilinsey, and Geohegan. 1949). The preganglionic outflow 
for pupillary constriction is by way of the oculomotor nerve. When vision is 
focused on a ncai object, contraction ol the ciliary muscle results in accom¬ 
modation: at the same time contraction of the two internal rectus muscles 
brings about a convergence of the visual axes. These two movements arc always 
associated with a thiid, the contraction ot the sphincter pupillae. In addition 
to t iis const]iction ol the pupil, which accompanies accommodation, two other 
pupillary reactions require attention (Fig. ogO). 

11„ : Pi’iMi.i.AHY Kbklbx (Light KkfTx). When light impinges on the 
retina, there results a contraction of the sphincter pupillae and a corresponding 
constriction ol the pupil. The reflex circuit, which is traversed by the impulses 
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bringing about this reaction, begins in the retina and includes the following 
elements: the fibers of the optic nerve and tract, with a partial decussation 
in the optic chiasma; synapses in the pretectal region, the zone of transition 
between the thalamus and superior colliculus: fibers arising in the pretectal 
region and, after a partial crossing in the posterior commissure, arching 
ventrallv around the gray matter surrounding the rostral end of the cerebral 
aqueduct to end in or near the nucleus of Edinger-Westphal (visceral efferent 
portion of the oculomotor nucleus): the visceral efferent fibers of the oculomotor 



nerve, ending in the ciliary ganglion: and the postganglionic fibers extending 
from the ciliary ganglion to the iris. 

In tabes dorsalis the reaction of the pupil to light is lost while the reaction to accommodation 
remains unimpaired. This condition is known as the Argyll Robertson pupil. Wilkinson (19*7) 
has suggested that the contraction of the pupil during accommodation is really associated with 
the accompanying convergence and is a reflex initiated through the proprioceptive endings in the 
extrinsic muscles of the eve. An Argyll Robertson pupil is produced by a lesion interrupting the 
afferent limb of the arc for the pupillary reflex to light while the optic fibers ending m the lateral 
geniculate body remain intact (Fig. *80). Such a lesion does not affect the pathways involved >n 
the reaction of accommodation. 

Idle pupillary-skirt Tcflcx is a dilatation of the pupil following sciatching 
of the skin of the cheek or chin. This is but one example of the fact that 
dilatation of the pupil can be induced by strong stimulation of many sensory 
nerves and constantly occurs in severe pain. I lie path, as it has usually been 
described, includes the following parts: the fibers of these sensory nerves and 
their central connections in the brain st(;m and spinal cord: preganglionic 
visceral efferent fibers, which arise from the cells of the intermediolateral 
column of the spinal cord and run through the upper while rami and the 
sympathetic trunk to the superior cervical sympathetic ganglion: and post¬ 
ganglionic fibers, which arise in that ganglion and run through the plexus on 
the internal carotid artery and then through the ophthalmic division of the 
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(il'll) ikm-n’c, ils nasociliary branch, and llic ciliary nerves to the radial bundles 
of (he iris. Some of Hie libers pass through the ciliary ganglion but are not 
interrupted (here. Impulses traveling this path cause dilatation ot the pupil. 
However, inhibition of the tonic activity of the Edinger-Westphal nucleus 
(or neighboring cells) can also cause dilatation ot the pupils. In the eat tins 
is the most important factor in pupillo-dilatat ion, and is the mechanism ot 
lhe pupillary-pain reflex, furthermore this reaction is not impaired by section 
of the cervical sympathetic trunk (Ury and Gellhorn, 1989). But in the monkey 
and probably also in man, reflex dilatation of the pupil may be evoked by 
activation of its sympathetic innervation as well as by inhibition of its para¬ 
sympathetic innervation. According to Harris, Jlodes, and Alagoun (1948), 
the path for impulses resulting in pupillary dilatation following sciatic, splanch¬ 
nic, or trigeminal stimulation is still complete after the brain is transected above 
the mesencephalon. The pathway is in the lateral funiculus in the cord and 
reticular formation of the medulla but is distinct from the pain path in the 
lateral spinothalamic tract. 

When dealing with reflexes involving somatic receptors and effectors it is 
often easy to define a single reflex arc and its components. Blit even when this 
is done, it is usually only an example of a special instance since most efferent 
paths may be excited by sensory stimuli from a number of sources. For visceral 
effectors it is often more difficult to select a customary afferent path, but the 
efferent paths are naturally constant. In some of the following examples details 
ot locations of portions of reflex ares are omitted but the student can easilv 

I 

till in these to suit the needs of a special case. It should be emphasized that 
reflexes do not adhere to strictly functional classifications of fibers, both visceral 
or somatic afferents being able to set off reflex responses through cither visceral 
or somatic efferent paths and effectors in a single reflex. 

Respiration and Blood Pressure. Receptors of great importance for the 
1 egul.ition ot respiration and blood pressure* are situated in the carotid sinus 
and aortic arch and in the aortic and carotid bodies (Ileymans et ah, 1988). The 
carotid sinus is an enlargement of the carotid artery at its bifurcation; in 
contact with it is the carotid body which has the appearance of a gland with 
thm-walled sinusoidal vessels. The aortic body with a similar structure lies in 
contact with the aortic arch. The glossopharyngeal nerve sends a branch to the 
carotid body and carotid sinus (Fig. *81). The vagus nerve supplies the aortic 
arch and aortic body. The fibers for the arch form a branch of the vagus, 
mown as the depressor nerve, which in the rabbit runs a separate course 
through the neck from the level of the superior laryngeal nerve. 

I onsion on the arterial wall due to pressure of the contained blood is the 
stimu us <i< (bating the nerve endings in the carotid sinus and aortic arch, 
/s tic pressure rises, stimulation increases and reflexlv causes a fall in blood 
pressure and a slowing of the heart. On the other hand, section of the branches 
o the glossopharyngeal and vagus nerves supplying these receptors removes 

, S SOmrt> allowing vasoconstriction and cardiac acceleration 

to cause a rise in blood pressure. The inhibitory effect of impulses from the 
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carotid sinus and aortic arch is exerted through the vasomotor center in the 
reticular formation of the medulla. 

The chemoreeeptors of the carotid and aortic bodies are stimulated by 
the changes in the blood which occur during asphyxia, i. e., by decreases in 
oxygen and by increases in carbon dioxide and in hydrogen ion concentration. 
Impulses arising in these receptors reach the respiratory center by way of the 
glossopharyngeal and vagus nerves, and, since these receptors are relatively 



resistant to asphyxia, they arc able to drive that center when its activity is 
so impaired that it does not respond directly to the altered condition of the 
blood flowing through it. 

The vasomotor center is situated in the reticular formation of the medulla 
and perhaps extends upward into the pons. In an animal decerebrated b\ 
transection through the mesencephalon, blood pressure and vascular reflexes 
are normal, but after a section through tlu^ lower pari of the medulla blood 
pressure falls to a low level and the usual vascular reflexes aic abolished. 

The respiratory center is located in the reticular formation and extends from 
slightly below the pons to the level of the calamus scriptorius. Transection 
of the brain stem below the hitter level stops respiration. When the interior 
of the medulla is explored in cats or monkeys with a needle electrode, through 















Anatomy of tiih Nfkyois Systkm 




whirl, Stimnhilion is . M >|>li«xl l» »m> l*>i"l .>rier .mother in the «-lk-ulnr for- 
iii : i | ion. cither ins|>ir:ilioii or cxpir.-ilion etui lie pn»<lut-<<l (lepeiolmfi on Hie 
I,,,., I i,,n the point slimnhilnl (Pitts cl ill.. I DIM). I^O; Menton mill Magmn, 
191.1) '|'|| ( . points in llie relienlnr fornnilion which cause expiration (circles 

in I'ie. -in-l) lend to lie dorsal to those that cause inspiration (represented by 

triangles). 




ImiruE Sections ol I lie medulla ol the eat showing the location of the respiratory center 

and its separation into a centrally situated inspiratory subdivision, marked by triangles, and a 
doisa 11 \ situated expiratory subdivision, marked by circles. (Pitts and Magouii.) C\\ , cuneate 
nucleus, CS, eotiicospiual tract; /*, medial longitudinal laseiculus; //, hypoglossal nucleus; /, inter- 
(Ndalc nucleus; 10, interior olive; IX A, lateral cuneate nucleus; LX, lateral reticular nucleus; M, 
ni('<li«il Icmmscns; M A, motor nucleus ol vagus; M res, medial vestibular nucleus; I\ area postreina: 
I\ % icsliloi in body; traetns solilarius; »S res, spinal vestibular nucleus; 1 , spinal t ract of trigeminal 
nerve. The dark symbols represent the more intense responses. 


By this method it has been possible to determine the extent and outline 
of the res pirn lory (-(‘liter and to show that it includes a dorsal expiratory 
division, corresponding to the dorsal part of the reticular formation, and a 
ventral inspiratory division, corresponding to the ventral part of the reticular 
lormation. The outline and extent of each of these is shown for the cat in Fig. 
c 2S:i, in which to avoid overlapping the expiratory division is represented only 
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on the left, the inspiratory division only on the right. It was formerly supposed 
that the respiratory center possessed an inherent rhythmioity of its own. hut. 
whether or not this is true, its activity is controlled by the condition of the 
blood in its capillaries and by impulses reaching it from various sources, 
especially from the lungs by way of the vagi. The dorsal boundary of the 
expiratory center extends along the tractus solitarius and its lateral limits along 
the spinal tract of the trigeminal nerve. 

1 he activity ot the respiratory center can be augmented by a small inercase 
in the carbon dioxide tension of the blood flowing through it. Changes in the 
oxygen tension and hydrogen ion cencentration are less effective. 



Figure 2S3. Dorsal view of brain stem of oat will) cerebellum removed. Location of the respira¬ 
tory center as projected on the floor of the fourth ventricle. To avoid overlapping, the expiratory 
subdivision is indicated only on the left, inspiratory only on the right. The lines on the right side 
of the figure show the levels of sections .1, li, C, and I) in tig'. '•2SL The line 7 shows the level ot 
a transection of the brain stem, which, combined with bilateral section of the vagi causes a con¬ 
tinuous inspiratory spasm. (Fills and Magoun.; AT, Acoustic tubercle: li, superior cerebellar 
peduncle: Cl, first cervical root; (W . cuneate nucleus: LA, gracile nucleus; 1C, interior colliculus; 
P, area postrema: l\ tubereulum einereum. 


Afferent impulses aroused in the lungs by their alternate inflation and 
deflation reach the respiratory center by way of I he vagus (Fig. 2S4). 4 hey 
arc essential factors in the regulation of breathing. 1 he impulses set up by 
inflation inhibit inspiration, those resulting from deflation excite it. 1 he 
receptors from which these vagal impulses arise are located in the most dis¬ 
tensible part of the lungs, probably m the alveolar duets. Impulses reaching 
tiie respiratory center by way of the glossopharyngeal nerves from the carotid 
sinuses and carotid bodies and by way of the vagus from the aortic arch and 
aortic bodies (Fig. 281) are not important factors under ordinary conditions: 
but, when the sensitivity of the respiratory ^center has been impaired, as for 
instance under deep anesthesia, the chcmoreceplors of the carotid and aortic 
bodies are stimulated by the decrease in ox\ ;_t n a 

and in hvdro<>cn ion concentration in the blood and drive the respiratory center 
when it would otherwise tail. Aflerent impulses reach the respiratory center 
from other sources such as the trigeminal nerve and the nerves of the thoracic 
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wall, lint wliilr such mi .scs can ailed Ihc respiratory rhythm they are not 

('.ssential fuelors in normal breathing. 

Al’lcr section ot hoi h vagi, I lie respiration becomes deep and slow because 
impulses set up be stretching the lungs no longer ael on the respiratory cenlci 
limit inspiration. A somewhat similar type of slow deep breathing is caused 
I,V transection of the pons at level T. Fig. *8.‘5. When such a transection is 
combined with section of both vagi, breathing is arrested in a state ot deep 
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Fh;i kk v 2S t. Reflex mechanism of respiration. 


inspiration. This has been explained on the assumption that a pncumota.ric 
renter exists in the upper pons or mesencephalon which is able to act like 
the vagi in limiting inspiration and allowing expiration to begin. If either one 
ol these limiting mechanisms remains, breathing continues although it is deep 
and slow; il both are removed the chest may be held in a fixed state of inspira¬ 
tion interrupted only by the death of the animal (Stella, 1988; Pitts ot al.. 1989). 

Descending libers I mm the respiratory center run to the anterior gray 
columns ol the thoracic and third, fourth, and fifth cervical segments of the 
spinal cord through the anterior funiculus and the anterior part of tin* lateral 
funiculus, and give impulses to anterior horn cells, which lie' in the most medial 
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group of the ventromedial group of cells in the ventral horn (Keswaui and 
Ilollinshead, 1950) and whose axons pass through the' phrenic nerve to the 
musculature of the diaphragm. Other respiratory muscles also receive such 
impulses. 

There arc a number of neural pathways to viscera that are of interest. The 
receptors and afferent paths which can set off visceral responses are numerous. 
For example, acceleration of the heart may be rellexly produced by exercise, by 
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alterations in blood pressure with hemorrhage. by a disturbing sound or situa¬ 
tion. be painful stimulation in any part ol the body, and so on. As lias lain 
mentioned before, visceral reflexes may be set oil' by stimuli coursing over 
somatic or visceral afferent paths. In the account of the following significant 

reflex mechanisms efferent paths are chiefly stressed. 

The subniaxillary and sublingual salivary glands receive their /xirasijmpa¬ 
thetic innervation through preganglionic IHrrs which arise in the salivatory 
nucleus and run through the nervus intermedins, facial nerve, chorda lympani. 
and lingual nerve to end in the subniaxillary ganglion (for the sublingual gland) 
and in relation to scattered cells of this ganglion which lie along the sub- 
maxillarv duet, (for the subniaxillary gland). From cells in tin's.' locations posl- 
„an<rlionic fibers are distributed to the glands (Fig. *85). Stimulation ol the 
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chorda (vmp.-mi causes dilation of the vessels supplying the glands and an 
abundant secretion of saliva. These* glands receive their sympathetic supply 
through pregaiiglitniie fibers from the upper white rami that end in the snpeiior 
cervical ganglion. From cells in this ganglion postganglionic fibers run through 
the plexuses on the external carotid and external maxillary arteries to the 
submaxillary and sublingual glands. Impulses traveling this path cause vaso¬ 
constriction and a small amount of secretion. 1 he antagonism ot the two divi¬ 
sions of the autonomic system is evident in the blood vessels but both cause 

secretion. 

The parotid gland receives parasympathetic innervation through pregangli¬ 
onic fibers, which arise in the salivatory nucleus and run through the glosso- 
pharvugeal nerve, its tympanic branch, the tympanic* plexus, and the small 
superficial petrosal nerve to the otic ganglion. Postganglionic fibers, arising in 
this ganglion, roach the parotid gland bv way of the auriculotemporal nerve 
(Fig. *-285). Sy in pathetic preganglionic fibers from the upper thoracic white 
rami end in the superior cervical sympathetic ganglion. Postganglionic fibers 
arising here run to the gland along with its arterial supply, the action of the 
two systems on the parotid is the same as on the submaxillary and sublingual 
glands. 

The heart receives its parasympathetic innervation from the dorsal motor 
nucleus of the vagus by way of that nerve and its cardiac branches. These 
preganglionic fibers end in the cardiac ganglia on the auricles. The postgangli¬ 
onic fibers arising from cells in these ganglia end in the sino-auricular and 
auriculoventricular nodes, the auriculovcntricular bundle, and the auricular 
musculature. The sy in pathetic preganglionic fibers run through the upper white 
rami to the sympathetic trunk and end in the lower cervical and upper thoracic 
ganglia (chiefly in the stellate ganglion). Postganglionic fibers run through 
the sympathetic cardiac nerves to the heart, and many of them are distributed 
to ventricles. They probably supply muscle cells as well as the nodes and 
auriculoventricular bundle. The vagus slows the heart and weakens the con¬ 
traction ot the auricles; the sympathetic accelerates the heart rate and in¬ 
creases the force ot the auricular and ventricular contraction. 

1 he bronchioles receive their innervation through the pulmonary plexuses. 
/ aiasympathetic impulses trom the dorsal motor nucleus, mediated through 
the vagus, cause constriction ot the bronchi. Sympathetic impulses cause inhibi¬ 
tion ot the bronchial musculature and dilation of these air passages. 

1 lu* stomach and small intestines receive their parasym pathetic innervation 
trom the dorsal motor nucleus of the vagus by way of the vagus nerve. The 
picgunglionic fibers reach the gut wall and end in the small ganglia of the 
cnteiic plexuses. 1 he postganglionic neurons are located entirely within the 
gut wall and the fibers are thought to end directly on the muscle cells. The 
intestines aie supplied mainly by the right vagus which sends a branch to 
tie uliac phxus (big. 280) . Sy in pathetic preganglionic fibers from the lower 
t ioiacie wbite mini run through the thoracic sympathetic chain without 
interruption and through the splanchnic nerves to the celiac plexus. They end 
111 lu an< ^ mvsmileric ganglia. Postganglionic fibers, arising in these 
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ganglia, run through the celiac, gastric, and mesenteric plexuses to the muscula¬ 
ture ot the gastrointestinal wall. Parasympathetic stimulation augments eon- 
traction ot the gastrointestinal musculature with the exception of the sphincters. 
Sympathetic stimulation causes inhibition. 

lhe vasomotor supply to the blood vessels in the walls of the intestine is 
from the thoracicolumbar autonomic (sympathetic) outflow. It has been shown 
by Richins and Brizzec (1940) that application of cold to the skin is accom- 



Figukk gSU. Distribution of nerve fibers to the stomach jumI intestine. (From Kuntz, Autonomic 

Nervous System. Lea it FebigerJ 


panied by constriction of the arterioles in the wall ot the small intestine, and 
ischemia: while warming' the skin results m vasodilatation within the gut and 
engorgement of tin' capillaries. Such changes, it prolonged, would lie expected 

o o 1 

to affect the functions of the gut. 

The large intestine receives fibers from the superior and inferior mesenteric 
plexuses and from the pelvic nerve, formed ^by the visceral branches of the 
sacral nerves. The cecum, appendix, and ascending and lrans\cisc colon aie 
supplied bv the superior mesenteric plexus, which, according to Kunlz (19.>4), 
probably carries fibers from the right vagus. The inferior mesenteric plexus 
supplies the descending colon and rectum, which also receive libers from the 
p c lvic nerve formed by the visceral branches of the* second, third, and fourth 
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.sacral nerves (Fig. 2S(>). The preganglionic fibers from the vagus and from 
[|,e pelvic nerve end in llie inlrinsic ganglia of iho gut. The sympathetic 
preganglionic libers reach the celiac plexus after traversing the lower thoracic 
and lumbar while rami, the sympathetic trunk, and splanchnic nerves. 1 hey 
end in the mesenteric ganglia. The postganglionic fillers traverse the mesen¬ 
teric plexuses to end on the musculature of the gut. The parasympathetic 
fibers excite, the sympathetic fibers inhibit contraction of the gut musculature. 

The urinary bladder receives its purasym pathetic supply from the visceral 
branches of the sacral nerves through the pelvic nerve and vesical plexus. The 
preganglionic fibers end in the vesical plexus from which short postganglionic 
libers run to the musculature of the bladder wall. The .sympathetic preganglionic 
fibers leave the cord by the upper lumbar ventral roots and run through the 
lumbar white rami and the inferior mesenteric ganglion. The postganglionic 
fillers run through the hypogastric and vesical plexuses to the bladder (Lang¬ 
worthy, Kolb, and Lewis, 1940). Whether they are distributed to the neck of 
the bladder only (Langworthy and Murphy, 19.89), or to both the neck and 
body (Root, 1941) is not clear. The pudendal nerve supplies the external 
sphincter. In general the sympathetic supply of the bladder favors retention 
of urine and the parasympathetic its expulsion, but the neural mechanism 
involved is complex and the details of its operation have not yet been satis- 
faelorilv established. The anterior root of the third sacral nerve is dominant 
in the parasympathetic supply to the human bladder (lleimberger. Freeman, 
and Wilde, 1948). A strange reflex, difficult to explain anatomically, can occur 
in patients with complete cord transection with effects that extend above 
the level of cord interruption. On distention of the bladder, sweating and 
cardiovascular changes occur, and at times vasodilatation of the neck, face 
and nasal mucosa (Outtman and Whitteridge, 1947). The innervation of the 
bladder from the sympathetic outflow by way of the hypogastric plexus can be 
dispensed with without disturbance of bladder function. 

At upper levels there are neuron groups involved in the micturition reflex. 
One cell group in the mammillary region of the posterior hypothalamus facili¬ 
tates micturition; another in the tegmentum lateral to the central grav matter 

O i 

at the caudal end of the superior eollieular region inhibits it, and another 
lacililatory area lies in the superior part of the pontine tegmental area lateral 


to the periventricular gray matter (Tang and Ruch, 1950). There is also 


cerebellar representation of micturition in the 
fastigial nucleus (p. 289). 


anterior lobe cortex and the 


Clinical Illustrations 


“The charm of neurology, above all other branches of practical medicine, lies 
in tin* way it forces ns into daily contact with principles. A knowledge ot the 
structure and functions of the nervous system is necessary to explain the 
simplest phenomena ol disease, and this can be only attained by thinking 
scientifically" (Henry Head). 

There is much to impress the student of neuroanatomy and neurophy¬ 
siology with the definiteness and specificity of function of parts of the nervous 
system, a view which is strengthened by acquaintance with individual neurons 
and the laws of impulse transmission, and which has nothing in common 
with the older theoretical notions of phrenology. Experience with electrical 
stimulation of specific parts of the nervous system, under conditions allowing 
reproducible results, and evidence from the study of lesions, cither those 
occurring naturally with disease or by design in experiments or necessary 
operations, support the evidence tor specific function ol specific pails. 

On the other hand, there is the knowledge that large parts ol the cerebrum 
can be removed without showing effects that we can measure, and that appar¬ 
ently complete recovery may follow damage to cerebrum or cerebellum or 
peripheral nerves so great that marked functional disturbances occur. As the spe¬ 
cific situations are considered, it is apparent that the behavior of different parts 
of the nervous mechanism under conditions of injury varies with the parts 
damaged. For example, destruction of a primary motor neuron, as in poho- 
mvelitis, is permanent. The resulting paralysis may be compensated tor by 
hypertrophy of muscle fibers still innervated, and no deficit m junction remains. 
After cutting a peripheral nerve there is loss of function which may be more 
or less completely restored by the regrowth of sprouts of nerve fibers trom the 
central stump. Within the central nervous system a lesion may appear ami 
gradually destroy parts of the brain without* .showing obvious effects, perhaps 
because of the gradual shift of functional responsibility to other parts. I Ins 
cannot happen in all parts of the brain as there arc structures m winch 
functional patterns are finally concentrated and no alternative path remains. 

It is impressive to see the gradual restoration of function ... the regrowth 
of peripheral nerve (Fig. Ill), but not surprising when the principles ol 
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degenera 1 ion and regeneration <ir<‘ known. Il is surprising l<> see tin' adaptation 
of an experimental animal to the loss of most of its cerebellum, with relatively 
little damage lo ordinary functions remaining after the animal has "learned” 
to handle its deficiency; or the restoration of neurological function after 
release of prolonged pressure by a tumor near the spinal cord. But more 
interesting is the ability of man to adapt to removal of fairly large portions 
of the cerebral cortex, including even the motor area. It small portions ot 
the latter are removed, there may eventually be no demonstrable deficit 
although partial paralysis immediately follows the operation. 1 he capacity 
of the body to adjust lo many types of injury is possessed by the nervous 
svstcin though the nerve cell bodies must be laid down in fetal life and are 
never replaced if they are destroyed subsequently. 

This ability of the nervous system to experience restoration of function, 
and to adapt to deficits should be kept in mind when the interpretation of 
symptoms at a particular time is required. 

While in this text the nervous system is studied from an anatomic and 
physiologic point of view, a few illustrations of some results of pathologic 
processes acting on the nervous system may give added understanding of 
normal structure and function. To the clinician a patient presents the problem 
of interpretation of variations from an accepted normal standard. This implies 
the necessity for knowledge of what is normal, and what is abnormal, and of 
the means ot discovering the possible variations from accepted standards. The 
whole picture ot the patient is a projection ot his reactions (i.c., the reactions 
ot his nervous system) to factors in his environment. The clinician utilizes 
in his analysis ot this picture the general principle that the nervous system 
works on the basis ot stimulus and response. Some of the stimuli and some 
ot the responses may be quite subtle and difficult to recognize; a response may 
even occur remote in time from an inciting stimulus. 

1 he examiner deliberately employs stimuli to elicit responses that will 
disclose the details of the patients present relationship to his environment, 
external and internal. Though not the whole of this process, the physical 
examination is an impoitanl part ol it, and the nervous system ot the patient 
iccti\ is a eonsidciable amount ot attention directly and indirectly during 
the examination. 

In making a detailed physical examination ot a patient, one of the first 
procedures is testing the integrity of separate nerves, cranial and spinal. The 
method of testing the individual cranial nerves, done serially in the order of 
their numbers, varies with the function and. as in the case of spinal nerves, 
usually depends upon the application of stimuli to the area of sensory distri¬ 
bution of a nerve and determining the effectiveness of the stimulus by an 
observed response. The stimulus and response may involve routes over separate 
nerves, as in pure motor and sensory ones. In this process the examiner is 
able to observe not only the presence, but the character of a particular response. 
From a knowledge of normal responses and acquaintance with the changes 
produced by various abnormal stales he is able to make some comment on the 
patient's condition. 
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Not only do the procedures used in the physical examination test the 
function of the peripheral nerves, they bring to light the state ot functioning 
of cell bodies with which the axons in the nerves are connected, and the 
internuncial neurons (“centers, nuclei, and pathways) between the point of 
entrance of the sensory nerve used on the side of the stimulus and the motor 
nerve giving the response. The testing stimulus and response may bring out 
at the same time the state of functioning of additional central nuclei and 
pathways, including every level from the reflex centers in spinal cord and 
brain stem to the cerebellum, the tectum, the larger gray masses in the cere¬ 
brum, and the cerebral cortex. Finally, the same type of testing allows the 
examiner to make comments upon the speech, the state of consciousness, the 
memory, the intelligence, and other phenomena representing the activity ot the 
whole individual. 

In the physical examination a neurologic defect may be discovered that 
mav or may not have been evident to the patient. 1 he patient comes pre¬ 
senting a symptom and it is the examiner's problem to interpret it in terms 
of physiology and anatomy. Whatever the symptom, the examiner’s problem 
is to think of it in terms of the primary cause, and, if it can be shown to be 
due to an involvement of the nervous system, it must be interpreted in terms 

of individual neurons or groups of them. 

To search out the location of the underlying cause of a particular neurologic 
deficit, the examiner needs to consider the possible locations of lesions which 
could produce the symptoms by damage to particular neurons. Me must then 
search for specific circumstances which would allow the location of the lesions 
in a particular one of the several possible places. 

Deficits in sensation can appear from lesions at various points; tor example, 
in the case of general sensibility, destruction of the peripheral endings (as 
in destructive skin lesions) or their severance from their connections (as in a 
skin graft) results in loss of sensory perception of stimuli to that area. 
Interference with the anatomic integrity or physiology of the fillers m a nerve 
trunk or root from any cause (pressure on the nerve, mechanical interruption 
of its fibers, peripheral neuritis) will prevent the passage of an impulse over 
that nerve to the central nervous system. Likewise, destruction of cell bodies 
of cerebrospinal ganglion cells (tabes, herpes), or ot association or intercalary 
neurons in various central gray masses is followed by loss of the fibeis 
extending from them, and comparable disturbance of function. Interruption 
of pathways by lesions (cutting injury, tumors, abscesses, syringomyelia, 
hemorrhage) within the central nervous system permanently eliminates the 
fibers involved, while pressure upon the nervous tissue (from edema, hemorrhage, 
tumors, fractures) may only temporarily block function. 

Small local sensory losses in cutaneous jnnervation from any of the above 
causes may be overlooked because of the possibility of overlapping function 
from adjacent nerves, or because the deficit is relatively slight in terms ot 
the normal behavior of the person involved. In the case of special senses, on 
the other hand, there is usually a more conspicuous effect from small lesions. 
In the eye, for example, blocking in any way the impulses from the macula 
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lntea, a relat ivelv sumII area ol the retina, may abolish the function of that, 
eve in reading and other detailed vision, even though its vision still aids m 
a stereoscopic way in reflex guidance of visually directed motion. 

Just as the sensory neurologic mechanism may be attacked at any point, 
abnormality in motor responses may appear from lesions in various locations. 
Disturbance' of function may be the result of anoxia, atrophy, inflammation, 
or edema in the effector (muscle or gland cells). Defective responses may also 
appear as the result of interference with the function of the nerve ending 
(curare poisoning, myasthenia gravis) or interruption of the peripheral nerve 
fibers (neuritis) or cell bodies in central nervous system (poliomyelitis). In the 
ease of the visceral supply, the pre- or postganglionic autonomic neurons may 
be affected. Centrally there may be damage to the large motor paths and their 
multiple connections at higher levels. 

As the examiner applies the various tests in the form of stimuli with 
observation of the responses he may eliminate certain structures as being 
involved in pathology because the result of the test demonstrates their normality 
of function. At the same time he mav find other structures abnormal bv what- 

t t. 

ever test he applies. The ingenuity of the neurologist lies in applying the right 
tests so that the structures not functioning properly may be conspicuously 
indicated. Then with the total picture of the symptoms he may discover the 
part of the nervous system that has been selectively affected by the underlying 
pathology. From previous experience the clinician may know that certain 
structures in the nervous system are susceptible to types of disease, and this 
knowledge improves his capacity to select the most probable explanation of 
the symptoms for a particular patient out of several possibilities. 

Abnormalities of Motion. Among the most conspicuous effects from lesions 
of the central nervous system are those following damage to the great motor 
pathways, the corticospinal and corticobulbar tracts. The accompanying symp¬ 
toms aid m the diagnosis and location of the lesion, especially when there are 
additional symptoms of localizing value. 

The physiologic and clinical significance of the course of the corticospinal 
and corticobulbar tracts is obvious: It is because of the decussation of these 
fibeis that tin* museular contractions produced by cortical stimulation occur 
chiefly on the opposite side of the body, and that the paralyses resulting from 
lesions in the pyramidal system above the decussation are contralateral. If the 
primary motor neuron is injured, the associated muscle atrophies and a flaccid 
paralysis results. Injury to the motor cortex or to the pyramidal tract leads 
to a loss of function without atrophy, but with an increased tonicity of the 
affected muscle, i.c., to a spastic paralysis, by means of such differential 
characteristics as these it is possible to tell which of the two parts of the motor 
path has been broken. 

In order to understand the combination of symptoms which result from 
damage to the motor path at different levels, it is necessary to have in mind 
the topography of its constituent parts. Some of these relations are indicated 
in Fig. 287. Since the motor cortex is spread out over a rather extensive area, 
it is usually not entirely destroyed by injury or disease. A restricted cortical 
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lesion may cause a monoplegia, i.e., paralysis of a single pari, such as the arm 
or leg (Fig. 287, A ). Bill in Ihe internal capsule lhi* motor fibers are grouped 
within a small area and are frequently all destroyed together. This cause's 
paralysis of the opposite half of the body or hemiplegia (Fig. 287, B). Damage 
to the pyramidal system in the cerebral peduncle, pons, or upper part ot the 
medulla oblongata may also cause hemiplegia: in such cases those corlicobulbar 
fibers which leave the main strand ot pyramidal fibers above the level ot the 



Fiona-: '287. Diagram to illustrate the ('(feels of lesions in various parts of Ihe motor path. 

lesion may escape injury and the corresponding cranial nerves need not be 
involved (Fig. 287. (')■ Furthermore, in lesions of the brain stem the motor 
nucleus or emergent fibers of one of the cranial nerves may be destroyed along 
with the pvramidal fibers, in which case there would result a paralysis of the 
muscles supplied by that nerve as well as a paralysis of the opposite half 
of the bodv below that level— a crossed parTilysis (Fig. 287, C). While damage 
to the spinal cord may affect only one lateral half and cause a homolateral 
paralysis below the lesion (Fig. 287, D), it is common for both lateral halves 
to be involved and for the resulting paralysis to be bilateral (Fig. 287, E). 

It is of interest that Lassek (1944) stated after studying the fibers in the 
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pyramids from 90 cases Hint came to autopsy tlint complete destruction of 

the pyramidal tract was the exception and not the rule after hemiplegia or 

hcniiparesis. He further observed that some cases showed no obsrrrablr 

diminution in number of fibers and that it was common to find more fillers 

preserved than destroyed. 

Huey (1944) has summed up the evidence based on clinical and physiologic 
observations for the mechanism of such abnormal movements as athetosis, 
chorea, and tremor. Impulses for activity in voluntary muscle are known to 
pass directly to spinal centers from the cerebral cortex (corticospinal tract) 
and less directly by way of extra pyramidal paths which bring the influences 
of other centers (basal ganglia, and other cellular accumulations in the cere¬ 
brum, cerebellum and its connections) to play upon the spinal centers. The final 
common path (anterior horn cells), being activated by the total effect of all 
these centers, sends impulses to muscles that produce well coordinated activity. 
Interruptions on the various paths result in abnormality of movements which 
have since Ilughlings Jackson's time been interpreted as “release phenomena/' 
that, is, the abnormality occurs from the activity of the remaining normal 
centers acting without the controlling effects of those mechanisms that have 
l)e(*n eliminated by lesions. I he interaction ot the suppressor areas rccentlv 
described (see p. o65) and the motor areas of the brain are believed to be 
involved not only in these abnormal motions but normal ones as well. 

1 hough the exact causes of abnormal movements are not known, some 
fairly definite statements are made about them. Following is a brief summary 
of pi esc lit day interpretations of the most common abnormal movements found 
in neurologic disease. 

Choreo-athetoul morements are involuntary, coarse, irregular, at times 

jeik\ movements, especially ot distal portions of the extremities, which appear 

most commonly after lesions in the caudate nucleus alone, or caudate and 

putameu. They are probably conducted by fibers other than the pyramidal 

tract which arise presumably from Areas 4 and (i. Such movements have been 

abolished by anterior chordolomy without injury to the lateral corticospinal 
tract. 

HennhaUmmus is a condition which shows movements of more violence 
limn those cnlle.l chorco-alhcloid and involves proximal portions of the 
extremity more than the distal. It has been found to be associated with lesions 
m the subthalamic nucleus of Lays though similar disturbances of motion can 
occur With lesions m Us connections and without obvious damage to the sub¬ 
thalamic nucleus (Martin. 11157). In monkeys similar symptoms from experi¬ 
mentally placed lesions have been abolished by removal of cortical Areas 4 
and <> contralateral to the symptoms with resultant paresis without spaslicitv 
Intent,on tremor is a coarse oscillation of a part of the body which occurs 
during volitional but not reflex movements. Ii appears after'lesions of the 
cerebellum that include the dentate nucleus or its efferent fibers to tin- red 

nucleus and ventrolaten.clous of the thalamus, and has been abolished 

by removal ot precentral areas, especially Area 4. The tremor is presumable 
earned by impulses over the pyramidal tract. 
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Tremor at "rest" of Parkinsonism is a coar.^e tremor, winch is abolished 
during sleep as well as during ordinary movement. It is said to result from 
lesions of the substantia nigra and globus pallidus. It is not abolished by 
anterior chordotomy but has been abolished by cutting the lateral corticospinal 
tract which is presumably its route of transmission. Partial relief Irom symp¬ 
toms has resulted from removal of precentral cortical areas, or sectioning 
the anterior limb of the internal capsule and removal of the head of the 
caudate nucleus, or sectioning the fibers leaving the globus pallidus in the ansa 
and fasciculus lenticularis (Carpenter and Mettler, 1951). 

It seems probable that the abnormal movements just described may depend 
on lesions of both cortex and basal ganglia (Kennard and Fulton, 1041), but 
tremor has been seen following purely cortical lesions in Area (> (Welch and 
Kennard, 1944). 

For discussion of symptoms of cerebellar lesions see page 289. 

Pain. Pain as a stimulus is closely related to the normal pattern of 
behavior, and is considered protective as it warns ot injury, fill thei moie, it has 
great significance in the phenomenon of disease. If is perhaps the symptom 
most commonly responsible tor directing attention to disease, and caicful 
consideration of the distribution and character ot pain often reveals the site 
of a pathologic process. 

It has been demonstrated by various means that the nerve endings 
responsive to pain-producing stimuli are bare, branching fibers, uneiicapsulated. 
Such endings are more numerous in the skin than in deeper structures, and 
some areas of skin appear more plentifully supplied with them than otheis. 
In the cornea this is the only type of ending found. It has been definitely 
demonstrated that the smaller nerve fibers, mostly unmyelinated but also small 
myelinated fibers with slow velocity of conduction, convey pain impulses. There 
is evidence, however, that some larger fibers also carry impulses of pain. 
Subjectivelv. pain from a pin-prick can be recognized to have an immediate 
bright sharp quality followed after a short interval by another peak of intensity. 
It appears likely that the first report of pain is conveyed over larger fast con¬ 
ducting fibers, while the second peak is the result of impulses arriving over 
smaller fibers which conduct more slowly. The latter is the burning type of 

pain in the skin (seep. 148). . 

Within the skin pain terminals end in an overlapping mosaic, and a pm- 

prick usually stimulates more than one terminal. In scarred areas, or m regions 
of skin being reinnervated after nerve damage, where there is a reduction 
of the normal complement of nerve endings, pin-prick may cause pain of an 
unpleasant qnalitv, different from that following the same stimulus in norma 
skin. Not onlv is the response unpleasant, but there may be a delay m per¬ 
ception. reminding one of the slower or worn! pain response from normal 
skin. Such unpleasant response to pin-prick has been relate,I by experiment 
to stimulation of pain endings which were isolate,I from their neighbors. It has 
been suggested that the over-reaction to pain associated with various clinical 
pictures has as its basis a reduction in the pattern of afferent impulses, buel. 
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reduction could he due lo either peripheral or central disturbance of the pain- 
perceiving mechanism. 

Pain itself is a subjective experience, though reaction to what would be 
painful stimuli occurs in the absence of consciousness. The appreciation of pain 
varies with the state of the individual experiencing it, and apparently differs 
in individuals. There is a central factor in pain, and the exaggeration of its 
quality, as in eansalgia, may at times be dependent upon abnormal activity 
of internnncial neurons in reverberating circuits. The phenomenon of phantom 
limb, in which after amputation the patient experiences discomfort apparently 
in the part amputated, has been relieved not only by removal of terminal 
neuromata but by suggestion (as the cremation of the amputated extremity), 
and also by operative methods designed to diminish internnncial activity which 
would maintain or facilitate any sensory impressions coming from the stump. 

Characterization of sensation, even touch, as disagreeable, with exaggeration 
of pain sensation is found in many individuals following lesions in the brain, 
such as a hemorrhage in the internal capsule, that interrupts connections 
between the thalamus and the someslhetic area. This has been studied experi¬ 
mentally and may depend upon a sensitization of neurons that have had part 
°f afferent supply cut off (Spiegel and Szekely, 1055), somewhat like the 
sensitization of postganglionic neurons by preganglionic sympathectomy. 

1 he pain threshold as measured in various individuals is uniform, even 
though the leaction to a standard stimulus may vary from one person to 
another (Wolf and Hardy, 1047). Pain is loealizable readily in most cutaneous 
areas and the mucous membranes closely related to the skin. It is fairly well 
localized from slightly deeper structures as fasciae, ligaments, and tendons, 
while pain from viscera tends to be diffuse and poorly localized. Normal viscera 
as such are not sensitive to many stimuli that provoke pain in other regions. 
Mesenteries and parietal serous layers are more sensitive than viscera. Stretch¬ 
ing these structures is an adequate stimulus for pain. Knowledge of the various 

areas to which visceral pain may be “referred" is extremely useful in locating 
specific pathology. 

Pain of rheend origin- is of two types. One is dull, soinewlmt vague, and 
poorly localized. In.l occurs in the general area of the diseased vixens: the 
oticr type may he aching or sharp, and is commonly localized superficially 
\\itim lie delmatomes supplied by the spinal segments which supply the 
disease, vises. The second type is referred pain and may at times be relieved 
by local anesthetic m the skin area affected. Referred pain may be dependent 
upon more than one mechanism for its explanation. Facilitation of inteniuncial 
neurons w,Him (he gray matter of the cord by normal impulses of touch and 
tempera Lure ami pressure from the area lo which the pain is referred mav play 
a part. On some such basis the effect of lucid anesthetics on referred pain' could 
>c explained. An interesting commentary on this mav be found in the 
observation that pinching of superficial or deep structures in an area of 
anesthesia following unilateral anterior cordotomy can result in pain coming 

apiiaienl y fmin the opposite side but m a diffuse milliner (Wolff, 1943; Wolff 
and \\olt, 1948). 
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Phrough tlie effort* of a number of clinical investigators direct stimulation 
of various deep structures in patients Im* revealed the character and location 
of pain referred from specific parts. Such observations have special value in 
that they are made on normal as well as diseased areas. When an area is 
inflamed or engorged, the pain is greater in response to a given stimulus than 
when the tissue is normal. Pain arising from one structure may be mingled 
with that from another source, as for example when the lesion in an organ 
encroaches on an adjacent area, or the adjacent area is mechanically involved 
from distention of a hollow organ or traction through attached structures. 



Fiockf. " 288 . Diagram to show some examples of sill's ol relerenee ol visceral pain as determined 
by artificial stimulation and clinical observations. The areas may he larger and more dilluse, 
dependent upon conditions. 


Because of the overlap of referred pain areas from different organs and the 
vagueness of the boundaries of some of these areas, the observer needs additional 
data to associate a particular pain with the proper source. A careful history 
and examination art' indispensable aids to intci pi elation. 

Pain in tiie Head. Pains in and about the head have different origins. 
Headache occurs in normal persons when standing erect alter removal ol '20 re. 
of cerebrospinal fluid (about 1 per cent of Hie intracranial contents). The pain 
may be relieved bv lying down or at times fir movement of the head. The earns,' 
appears to be altered tension on the structures anchoring the brain to the 
cranium. Headache may result from traction, tension, inflammation, or dis¬ 
tention of pain-sensitive structures. The location of the headache may give a 
clue as to its site of origin (Hay and ( >1 ft. 1!H1). 
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i s |Vll within, behind, or over the homolalcral eve "hen the first 
portions of the anterior, middle, or posterior cerebral arteries are electrically 
stimulated. Following stimulation of the basilar and vertebral arteries, pain is 
fell in the occipital and snboeeipilal region, The pathway for pain from dilatation 
of supratentorial vessels is the trigeminal nerve, while for the vessels in the 
infratentorial region the pathway is through the Dili and 10th cinnial neixts 
and the upper cervical. 

'Phe paranasal sinuses in disease are the source of pains about the head and 
the pam is referred to nearby regions; from the frontal sinus the pain is diffuse 
over the frontal region; from the maxillary sinus to the maxillaiy legion, tioiu 
the sphenoidal sinus and ethmoid cells the pain occurs back of the eyes and 
over the vertex. 

In cooperative normal subjects it is shown that punching the nasal septum 
near its middle causes pain over the zygoma and toward the ear; from the 
ethmoid portion the pain is at the outer and inner canthus of the hoinolateral 
eye. Punching the turbinates causes local pain and some spread to teeth and 
region of the zygoma, and eye. Punching the eardrum gives local sharp pain, 
not referred, and punching the pharyngeal region causes local pain plus at 
times reference toward the ear. 

Thoracic Pain. Pains in the chest from diaphragm and pleura illustrate 
well the principle of reference. Punching the diaphragm along its margin causes 
pain in the chest wall near the costal margin and near the point punched. 
Punching the diaphragm in its central portion gives distinct pain over the* ridge 
of the trapezius muscle in the shoulder. These differences illustrate the sensory 
innervation of the diaphragm by the lower intercostal nerves at the margin 
and the phrenic nerve centrally, and recall the embryologie origin of the dia¬ 
phragm from the septum transversum in the cervical region, with its acquisition 
of muscle masses and a nerve supply as it migrates past the region of the ord 
and 4lh (and 5lh) cervical segments. Pain from lesions affecting the central 
and peripheral portions of the diaphragm is located as that described for 
mechanical stimulation of these parts. While the parietal pleura when inflamed 
or punched causes local pain, the visceral pleura may be cut or punched 
without pain. 

Sensory impulses from the hnu/.s are apparently entirely carried by the 
vagus nerves, and not by way of the sympathetic trunks. The cough reflex 
from tickling the tracheal bifurcation has its afferent path over the vagus. 
Pam as such is not characteristic of involvement of the deeper portions of the 
lung or bronchial tree. 

Pain from the region of the heart is of especial interest in relation to heart 
disease. Touching the parietal pericardium with a probe above the 5th and (till 
intercostal space causes pam over the trapezius in the shoulder. Pouching the 
visceral pericardium or the heart produces no pain but some discomfort. Areas 
of referred pain from the heart are over the upper thoracic and lower cervical 
segments. The pain of angina pectoris is characteristically in a band about 
the (diest and down the inner side of the left arm, following approximaIely the 
distribution of the medial cutaneous nerves of the arm and forearm, and the 
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ulnar nerve. Section of the upper five llioraeie dor.sal roots lias given coniplele 
relief from the constricting type of pain from the heart in patients with angina, 
though there may remain a sense of substcrnal discomfort on exertion. 1'his 
is interpreted as sensation by way of the vagus nerves. In experimental animals 
the signs of pain from occlusion of coronary arteries are abolished by section 
of thoracic dorsal roots one through five, or removal of the stellate and upper 
tin •ee thoracic sympathetic ganglia, which interrupts the same sensory nerve 
fibers on their way from the heart to the dorsal roots. 

Abdominal Pain. Referred pain from the intestinal tract has been studied 
by inflating balloons at different points along the tract in cooperative patients 
and comparing this with the pain of localized disease (Jones, lO-W). The 
esophagus is supplied largely by the vagus nerves and the pain from distention 
is substernal at the approximate level of distention, and is like that described 
as “heart burn." It is present after high cordotomy. 

The stomach also is supplied with sensory fibers by the vagus, and 
sensations of gastric fullness or hunger are fell after transection ot the cervical 
spinal cord. Referred pain from the stomach is tell in the epigastric region. 
Electrical stimulation of duodenum and stomach from within, by means ot an 
electrode on a stomach tube, in normal subjects (Hoyden and Riglcr, K). l >4) 
caused a deep pam that was localized definitely by tin* subject. I In* stimulation 
was usually followed by ring contraction of the gut accompanied by some 
abdominal rigidity and the accompanying pain might be slight or severe and 
colicky. Each region stimulated was localized by the subject in a small area 
over the upper abdomen. Anesthetization ot the spot ot skill under which the 
pain was localized resulted in a shift ot the pain to an adjacent area. With 
change of position of the subject, there was some shifting in the site of pam. 
Pain from distention of the small intestine beginning with the duodenum and 
progressing along the intestine is tell from the midline or light epigastiu legion 
and through the umbilical zone to the right lowin' cpiadrant ot the abdomen 
where pain of distention of the ileocecal valve is found. Pain from distention of 
the colon is less well localized, being mostly near the midlinc in the hypogastric 
region, though the IleXnres give local signs and pain from the sigmoid is 
localized in the left lower cpiadrant. Pain from the rectum or lower sigmoid 

is felt in the suprapubic or sacral region. 

Pain from the gallbladder is referred to the epigastric region anteriorly and 
to the point just beneath the inferior angle of the scapula posteriorly. Pain 
from the stomach is abolished by blocking the splanchnic nerves or by spinal 
block to the Till thoracic segment. Pain from mesenteries and small intestine 
is relieved by block of the splanchnic nerves, that from lower colon and rectum 

by block of sacral nerves c 2. b. and 4. 

Pain from the fundus of the uterus is referred to thoracic segments 11 and 

P2 while from the cervix pain impulses pass to sacral segments -2, b, and 4 
as’is also true of pain from the prostate and neck of the bladder. Consistent 
with the high embrvologic origin of the structures, pain from the fallopian tubes 
and oraries reaches as high as the Kith thoracic segment. Pam from the testis 
is referred as hhdi as the 10th thoracic level but also to lumbar segments 1 
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;ll „| sjmt.'i 1 M'g'ini'iils i. ». iinil 4. Till- di-swill of tin- testis to its scrotal 

position explains this spread ol* pain rctorenec. 

The bladder is supplied by sacral nerves T and 4, but its upper peritoneal 
covering may be supplied l»y fibers from the lower thoracic and upper lumbar 
segments by way of the hypogastric plexus. The usual reference of pain troin 
bladder distention is in the suprapubic region and m the urethra. Pam trom 
the trigone or ureteral openings is referred to the urethra. Pam trom the ureter 
appears generally along the margin of the homolateral rectus abdominis; trom 
the kidney pelvis it is referred to the costovertebral angle in the back and not 

to the abdomen. 

Observations on the bladder with the aid of the cystoscope show that 
punching or pulling the normal mucosa produces sensation akin to touch, while 
the same stimulus to an inflamed mucosa is painful. It is also of mtciest th.it 
pain from the bladder is lost by bilateral cordotomy, but sensations of tidiness 
of tin* reel inn and bladder are not significantly altered b\ bilateial section ot 
the anterolateral columns ot the cord. On the other hand, in patients ha\ ing 
posterior column disease (pernicious anemia, tabes) there is impairment m the 
sensation produced by fullness ot the bladder and colon. It thus appears prob¬ 
able that the stretch reflex of these viscera may be dependent upon fibers in 
the posterior columns, which raises the question ot the upper connections ot 
such fibers. Demonstration by Chambers ot increase in intravesical pressure 
and of bladder emptying following stimulation of the interior of the cerebellum 
near the fastigial nucleus is suggestive of a relationship here. 

Certain types of headaches are often associated with pelvic pathology 
although the method of reference is not clear. Sir Henry Head pointed out 
relationship between the sites of pelvic disease and specific points of pain in 
the head. The observation that fullness in the bladder in patients with trans¬ 
verse lesions of the spinal cord is signalled by pain in the back of the head 
is of interest in this connection. The explanation of the phenomenon is obscure. 

Abnormalities of Vision. Loss of vision for one half of the visual field is 
known as hemianopsia. In Fig. s>8f) there is illustrated the effect upon the fields 
of vision produced by lesions at various points along the optic pathway. Com¬ 
plete blindness in the left eye is caused by interruption of the left optic nerve 
(.1). Bitemporal hemianopsia, blindness in the temporal halves of the fields of 
vision of both eyes, results from interruption of the fibers crossing in the optic 
chiasma and is sometimes caused by pituitary tumors (11). Blindness in the 
nasal halt ot the field ot vision (nasal hemianopsia) can be produced in one eye 
by damage to the corresponding side of the chiasma (C). Bight homonymous 
hemianopsia, blindness in the right halves of both visual fields, results from 
interruption of the left optic tract or left genieulocalcarine fasciculus (/)). A 
lesion in the lower part of the left genieulocalcarine tract produces blindness 
in both right upper quadrants (F), and one in the upper part of the same tract 
causes blindness in both right lower quadrants (!'). Bight homonymous hemi¬ 
anopsia. with preservation of macular vision may result from large cortical 
lesions in the striate area of the left hemisphere (O). 

For some reason, not well understood, in hemianopsia from cortical lesions 
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macular vision is often spared. Lesions in the tcmpornl lobe often involve the 
o'cniculocalcarine tract as thev bend around the interior horn ot the lateral 

v""' * 

ventricle (Fig'. HF2). 

An excellent review of anatomic neurology can be obtained by a study 
of a series of neurologic patients and an attempt to interpret their symptoms 
in terms of damaged cell masses and fiber tracts. The following brief case 



Flora.' 0 S') Diagram showing the effects on the fields of vision produced by lesions at various 
points along'the optic palhuay. d. Complete blindness in M />*. 

C. nasal hernia..si., of left eye: O. rig. . lienn..n..|.»m: <■ ■ • - ' 

lower quadrant l,e,niano|..-ias: (I. right h.mmnymons hennanupsia wilh |«. .se i e al nnh.il . . 

(Homans: A Textbook of Surgery. Charles C I homas.) 

|,Monies m»v serve in lien of actual patients. Bach will he found to illustrate 
some important facts concerning the- organization ot flic nervous system. 

CASE I 

\ hov. live vears old. complained of pain in ll.e haek and legs and had a 
fever of l<h>° K.The following morning lie -was nnalde to get mil ol hod and 
he could not move his rigid log. Examination showed no distnrl.anee m he 
movemenls of the head and nook. arms, or left log. 1ml there was con plot 
paralvsis of (he right .high, leg. and foot. Muscular lone wns gronlK ivilmc. 
and the tendon reflexes (knee jerk and Achilles tendon rellex) were ahohsh.,1 
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in the right lower extremity. Alter three weeks he wits able U> Hex and adduct 
the right thigh and extend the knee, but no other movements returned in that 
extremity, and at the end of a month the muscles ot the loot and leg and ol 
the back of the thigh were relaxed and showed the reaction of degeneration 
and marked atrophy. Aside Irom the pain suflercd at the time ot the onset 
there were no sensory disturbance's. 

The initial pain indicates that the dorsal nerve' roots or then connections 
within the spinal cord were irritated to some extent by the inflammatory 



reaction, but the absenee ot any permanent sensory disturbances shows that 
these parts suffered no serious damage. 

The lesion obviously involved the somatic motor apparatus for the right 
lower extremity. I he path tor impulses initiating voluntary movements consists 
ot two sets ot neurons (1) cortical neurons with cells in the motor center of the 
ceiebral coitcx and axons in the pyramidal tracts; and ( t 2) primary motor 
neurons with their axons running through the peripheral nerves to the muscles. 
Wlit'ii the cortical set is destroyed there is paralysis without atrophy of the 
muscles and their electrical reactions are normal. The paralyzed muscles show' 
an increased tone; there is increased resistance to passive movement, and the 
tendon reflexes, including the knee jerk and Achilles' tendon reflex, are ex- 
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aggcratcd. In spile* of llie fad that in man such a spastic paralysis is quilt* 
regularly associated with lesions of the pyramidal system, many physiologists 
now believe that the spasticity is due to associated damage to the extra- 
pyramidal system. When the primary motor neurons are destroyed, the result¬ 
ing paralysis is of the flaccid type. The muscles are relaxed, shrink in size, 
and become atrophic. The tendon reflexes are abolished. 

The muscles can no longer be stimulated by the faradic current, but 
respond to galvanic stimulation with a slow contraction, and the' anodal con¬ 
traction on closure is greater than the cathodal (ACC > CCC). This sort ot 
response is characteristic of muscles which have been deprived of their motor 
innervation and is called the reaction of degeneration. 

In the ease under consideration was it the upper or lower motor neuron 
which was affected, and why? If the lesion had been in the peripheral nerves 
where sensory and motor fibers are mingled together, there would have been 
more or less loss of sensation in the affected limb. Where, then, must the lesion 
have been located? What nerve fibers would be found degenerated? Which 
segments of the cord were involved at the onset, and in which of these did 
the inflammation subside without causing a complete destruction ot the niotoi 
elements? (Sec Fig. 2(i). 

Diagnosis. Acute anterior poliomyelitis, an infectious disease of children 
with inflammation affecting chiefly the anterior gray columns of the spinal 

cord. 


CASE 2 

A man of forty-two years noticed an increasing stiffness in the legs. 1 he 
feet could not be lifted from the ground, but were dragged along, the entire 



, . • i* |uPin \ () sensorv disturbances were noted, 

leg moving as one piece from the nip. ao stn.u.x ... 

® , . u, n f voluiitarv control of the muscles ot the legs, which 

were rigid and offered marked resistance to passive movements. 1 he knee 
jerk and Achilles' tendon reflexes were markedly exaggerated^ 1 here was no 
atrophv of the affected muscles. Sensation was normal tluoiighoii . 

Obviously the somatic motor apparatus was at limit m ns ease. a n 
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lesion involve the cortical or primary neurons, and why.'' VS hat traets were 
involved? 

Diagnosis. Lateral sclerosis, a selective degeneration of the lateral 
pyramidal tracts. Primary lateral sclerosis is thought by some to be a rare 
form of amyotrophic lateral sclerosis, m which there is degeneiation of tin giant 
Betz cells and other pyramidal cells of the third and fifth laminae in the 
precentral cortex especially, but also of other areas both anterior and posterior 
to the central snlcns. Some anterior horn cells of the spinal cord may also 
undergo degeneration. 


CASE 


<> 

«> 


Oil 


A blacksmith, aged forty-eight, presented himself for treatment of a burn 
his right hand caused by his having picked lip a hot iron. lie did not feel 



Fig cue Case 3. 


cither heal or pain at the time, nor had the burn since caused him any pain. 
Examination showed a loss ol pain and temperature sensibility over the thorax 
and both upper extremities, there was no disturbance of tactile sensibility, 
no ataxia or loss of tI k* sense of posture or of passive movement, l'he knee jerk 
was normal and there was no disturbance of motor functions except that there 
was weakness and atrophy of the small muscles of both hands. 

Does this paralysis with atrophy of the intrinsic muscles of the hand 
indicate a cortical or a primary motor neuron lesion? Why would you locate 
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tliis lesion in the Sth cervical and 1st thoracic segments of the cord? What 
structures in these segments must have been destroyed? 

The lesion also extended for some distance up and down the cord, but 
except in the two segments just mentioned it was confined to the gray matter 
around the central canal and to the commissures of the cord. Assuming that 
the centrally placed lesion extended from the 4th cervical to the (>th thoracic 
segment, how would you account for the loss of pain and temperature sensation 
in the thorax and upper extremities? Why were the proprioceptive impulses 
not interrupted? Why was not tactile sensibility disturbed? 

Diagnosis. Syringomyelia, a disease of the spinal cord, characterized by 
cavity formation within the central gray matter disrupting the fillers of the 
spinothalamic tracts as they cross in the ventral white commissure. The cavity 
usually enlarges and involves other parts of the gray matter and even the white 
substance of the spinal cord. In this case it invaded the anterior gray column 
in the last cervical and first thoracic segments. 

CASE 4 

A man. aged thirty-four, noticed a tingling sensation in his feet and later 
suffered from shooting pains in his legs. Alter several months he experienced 



difficulty in walking in the dark, and when walking in the light it was necessary 
to watch the ground to keep from falling. Although his legs were as strong as 
ever, he would stagger and sway from side to side as he walked. Examination 
disclosed no weakness or atrophy of the muscles, but when lelaxed they did 
not exhibit the normal tone. The knee jerk was abolished. There was a com¬ 
plete loss of the sense of posture and passive movement and of the vibratory 
sense in the legs. When the skin of the leg was touched with the two points 
of a compass he could not recognize the ^duality ot the contact or accurately 
locate the area stimulated. Except for this*loss of tactile localization and tactile 
discrimination there was not much disturbance of exteroceptive sensibility. A 
delayed sense of pain to pin-prick might have been found. 

What evidence is there in this case of damage to the nerve fibers m the 
posterior funiculus? IIow would you account for: (1) the incoordination of 
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the niovemenIs of llio legs in walking and ( c 2) the loss of the sense of postuic 
and passive movement? The aflerent impulses from tile ninselos, joints, and 
tendons aet through spinal and cerebellar reflex ares to maintain the normal 
muscular tone, and the cutting ofl of these impulses accounts toi the atonic 
condition of the muscles. The knee jerk was missing because the tendon icfiexcs 
could not he elicited from atonic muscles and because the afferent limb of this 
reflex are was damaged. The shooting pains early in the course of the disease 
were due to an irritation of the dorsal roots. 

Diagnosis. Tabes dorsalis, a disease of the dorsal roots resulting in a 
degeneration of the posterior funiculi of the spinal cord. 1 lie proprioceptive 
fibers suffer more serious damage than those of the exteroceptive group. Cells 
in the dorsal root ganglia show damage. 

CASE 5 

A bartender, aged forty-six, received a stab wound in the back. Two years 
after the injury there still remained evidences of a lesion of the spinal cord. 



Fiermo T.) F Case 5. 


There was a wasting of the small muscles of the right hand. In the right leg 
then* was spastic paralysis with an increase of the knee jerk together with a 
loss of the sense of posture and of passive movement. On the left side there was 
no paralysis or muscular wasting, and the reflexes were normal. There was a 
loss of sensibility to pain, heat, and cold over the entire left half of the body 
as high as the level of the third rib, but no disturbance of proprioceptive 
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sensibility. All cutaneous sensibility was abolished over a strip along the ulnar 

side ot the right arm, but except tor this area tactile sensibility was normal 

over the entire bodv. 

« 

What does the atrophy of the small muscles of the right hand indicate? 
What kind of paralysis? What neurons must have been involved? Compare 
with C ase 3. What side ot the cord was the lesion on? What segments of the 
cord must have been involved? Could the spastic paralysis of the right leg 
have been produced by the same lesion, assuming that the lesion was large 
enough to involve the entire lateral half of the cord at that level? Give vour 

C 1 c 

reasons. 

What does the loss of sensibility to pain, heat, and cold on the left and 
of proprioceptive sensibility on the right indicate as to the side of the cord 
on which the lesion was located? Taking into consideration the fact that in 
unilateral lesions of the cord the upper limit of analgesia is usually one or two 
segments below the lesion, at approximately what level was the lesion situated? 
How does this level correspond with that deduced from the atrophic paralysis 
in the hand? Can all the symptoms be explained on the basis of a unilateral 
lesion? If so, how do you account for the loss of proprioceptive sensibility on 
one side of the body and of pain and temperature sensibility on the opposite 
side? What tracts must have been involved? Compare Fig. 294 with Fig. 102 
and explain the loss of all cutaneous sensibility along the ulnar side of the 
right arm. Why was tactile sensibility normal over all the rest of the body? 

Which tracts would you expect to find degenerated above this lesion and 
which would degenerate below? 

Diagnosis. A unilateral lesion involving the eighth cervical and first 
thoracic segments of the spinal cord on the right side (Brown-Secpuird syn¬ 
drome). 

CASE 6 

A woman of sixty-three years while working about the house suddenly fell 
to the floor and was unable to rise. She had difficulty in speaking and her left 
arm and leg were paralyzed. An examination made two months after the 
onset of the symptoms showed a spastic paralysis of the left arm and leg. 
The tone of the muscles in these limbs was much increased and there was an 
exaggeration of the tendon reflexes. When the tongue was protruded it turned 
to the right because ot paralysis ot its musculature on that side. 1 he light 

half of the tongue was much atrophied. 

The involvement of both the arm and the leg on one side speaks for a 
brain lesion. What type ot paralysis was exhibited by the aim and leg, and 
what neurons must have been involved? On which side ot the biain was the 
lesion located? Wdiat evidence is there as to the level of the lesion? What 
type of paralysis was exhibited by the right'half of the tongue, and what nerve 
was affected? How does this help to locate the lesion? How could you explain 
the symptoms from a lesion occupying the area outlined in hig. 295? What 
nerve fibers underwent degeneration, and in what direction? 

F)]_,\exosis. Crossed hvpoglossal paralysis due to a \asculai lesion m the 
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right side of the medulla oblongata involving the pyramid and the emerging 
fibers of the hypoglossal nerve. The tongue deviates toward the side of its 
paralysis. Since the movement in protrusion is perloimed b\ coni 1 action of 
the gcnioglossus muscle, the active muscle pulls the root of the longue toward 
the anterior point of the jaw and the paralyzed side lags behind. 



Figure ‘29.5. 




CASE 7 

A man, sixtv-seven years old, suffered an apoplectic stroke and was uncon¬ 
scious for several hours. After recovering consciousness he could not speak 
and his right arm and leg were paralyzed. After a few days his speech returned, 
though he had considerable difficulty in using his tongue. An examination made 
six weeks after the seizure showed a spastic paralysis of the right arm and 
leg with increased muscle tone and exaggerated tendon reflexes. When pro¬ 
truded the tongue turned to the left and the musculature of its left side showed 
atrophy. There was no paralysis of the soft palate, pharynx, or larynx. Pain 
and temperature sensibility were normal over the entire body, but there was 
a loss of the sense of posture and of passive movement (sensations from the 
muscles, joints, and tendons) and an impairment of tactile sensibility over all 
of the right side of the body except the head. 

What can you deduce from the impairment of motor functions as to the 
location ol the lesion? What tract in the medulla oblongata must have been 
included in the lesion to give rise to the sensory symptoms? On which side 
was the lesion located? W’hat parts of the medulla oblongata can you be sure 
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were not involved judging trom the absence of any disturbance of pain and 
temperature sensibility and trom the absence of any paralysis in the soft 
palate, pharynx, and larynx? 

^ hat fibers underwent degeneration as a result of the lesion, and in what 
direction? 

Diagnosis. Crossed hypoglossal paralysis due to a vascular lesion in the 
left side of the medulla oblongata involving the pyramidal tract, medial lemnis¬ 
cus, and emerging fibers of the hypoglossal nerve. 





Case 


7. 


CASE 8 

A man, aged fifty, suddenly became giddy and fell upon the floor, but did 
not lose consciousness. It was noted that he kept both eyes turned tow aid the 
left. On examination, eight weeks after the onset, the strength and tone ot 
the muscles and the deep reflexes were normal and equal on the two sides, 
but there was a paralysis of the left vocal cord and of the left side ot the sott 
palate. The finer movements of the left arm and leg were not perfectly eo- 
orelinated. When walking or when standing with his eyes closed he would tend 
to fall to the left. There was a complete losstif pain and temperature sensibility 
over the left side of the face and the right side ot the body below the head. 

Tactile sensibility was normal over the entire body. 

The dizziness at the onset and the turning of both eyes (conjugate 
deviation) to the left indicate an irritation of the vestibular nuclei of the left 
side. The incoordination of the left arm and leg can be explained b\ a destine lion 
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of iho dorsal and ventral spinocerebellar tracts on the left side. What does 
the paralysis of the left vocal cord indicate as to the location of the lesion' 
What nerve tract must have been destroyed to cause a loss ot pain and 
temperature sensibility on the right side of the body, and in what part of the 
medulla must a lesion have been located to have involved this tract? Lesions 
in the lateral area of the medulla oblongata which destroy the spinal tract 
and nucleus of the trigeminal nerve cause loss ot pain and lemperaluie sensi- 
bilitv on the corresponding side of the face, but do not inteiteit with tactile 
sensibility. This indicates that pain and temperature sensations are probably 



Figure c 297. Case S. 


mediated through the spinal nucleus and touch through the main sensory 
nucleus of the trigeminal nerve (Gerard, 19 c 2. l >). 

Diagnosis. Thrombosis of the posterior inferior cerebellar artery with 
a degeneration of the dorsolateral area of the medulla on the left side. The 
degenerated area included the ventral and dorsal spinocerebellar tracts, the 
spinal tract and nucleus of the fifth nerve, the lateral spinothalamic tract, the 
nucleus ambiguus, and the emerging fibers of the vagus nerve. The caudal 
part of the vestibular nucleus was near enough to this area to have been 
irritated at the time the thrombosis occurred. 


CASE 9 

A man, aged forty-three, with a history of syphilitic infection, suffered 
from headache and attacks of vertigo and gradually developed a spastic 
hemiplegia on the left side, with increased muscle tone and exaggerated tendon 
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reflexes in the left arm and leg. After a while he began to see double and it 

was noted that his right eye was turned inward, indicating a paralysis of the 

right external rectus. Voluntary movement of the eve with the other external 
^ * * 

oeular muscles was normal and the pupillary reactions were unimpaired, lie 
recovered under antisyphilitie treatment. 

W here would you locate a lesion causing these symptoms? What neurons 
would be involved? Whv did he see double? 



Figure -98. Case 9. 



Diagnosis. Crossed paralysis involving the abdneens nerve due to a 
syphilitic lesion in the ventral part ol the pons on the right side. 

CASE H) 

A woman, fifty-eight years old, suflered an apopletic attack, following 
which she was paralyzed on the right side. An examination, made nine weeks 
after the attack, showed that she was unable to open the lett eye tally because 
of a falling (ptosis) of the upper eyelid. The left eyeball was turned outward 
and slightly downward, indicating a paralysis ot all the extrinsic oculai muscles 
except the external rectus and superior oblique muscles. 4 he left pupil was 
dilated. When protruded the tongue turned somewhat to the right, showing 
a weakness of the musculature ot that side, but there was no atioph\. 

On the right side there was a paralysis of the muscles of tin' lower part ot 
the face, that is, of those below the eye. The fact that the upper group of 
facial muscles remained responsive to the will indicates that the paralysis was 
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due to a lesion in the upper motor neuron. The portion of the facial nucleus 
which supplies the occipitofrontalis and the oorrugator supercilii is activated 
by corlicobulbar fibers from the motor cortex on both sides of the brain. Hence 
these muscles are not affected in facial paralysis unless either the seventh 
nerve or its nucleus is damaged. 

The muscular tone and tendon reflexes were exaggerated in the right arm 
and leg. 

What nerve supplies all of the extrinsic muscles of the eye except the 
external rectus and superior oblique? What nerve supplies the lcvatoi palpebiac 



Fiona: Case 10. 


superioris? Where would you locate a rather restricted lesion causing a paralysis 
of the oculomotor nerve on the left and a spastic hemiplegia on the right side? 
IIow do you account for the lingual and facial paralysis? How do you explain 
the dilatation of the pupil? 

Diagnosis. Crossed paralysis involving the oculomotor nerve (Weber's 
syndrome) due to a vascular lesion in the basis pedunculi involving the emerg¬ 
ing fibers of the third nerve. 

CASE 11 

A woman, sixty-five years old, while engaged in a heated argument with 
a neighbor, suddenly fainted. She remained comatose for thirty-six hours. 
When consciousness returned she was unable to move the left arm or leg. An 
examination, made six weeks alter the seizure, showed a spastic paralysis of 





















































































































C LIN 1C A L III cst ha T I ON s 


443 


the left arm and leg with inereased muscle tone and exaggerated tendon 
reflexes. Y\ hen protruded the tongue turned to the left, hut there was no 
atrophy, there was a lett-sidcd facial paralysis involving the muscles below 
the eye. Sensation was impaired over the entire left side of the body, including 
the face, but all forms of sensibility were not affected to the same degree. The 
sense of posture and passive movement was lost. Tactile sensibility was more 




Figure 300. Case 11. 
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, wlli | ( . pain was < c.I <»., both snlos. Tests showed 

that she was blind In all objects in .he left hall' „l the fu d < vision # 

The motor symptoms indieale injury In two hails m 1 ‘ 1K '' V 

[lie inleiTiiption In Ihe visual path placed in front ot or behind the optic 
ehiasn.a, and whv? Was Ihe lesion located on the right or left side and why. 
Win- was pain sea,sc still present on both sides? There is only one place where 
a lesion ol' moderate size conld interrupt the two motor tracts, the paths tor 
tactile, thermal, and proprioceptive sensibility, and Ihe visual pathway. At 
xvlint place arc these tracts all grouped very close together? 

Diagnosis. Hemorrhage into the internal capsule. 

CASE K> 

A girl, eighteen years old, who had suffered from endocarditis, suddenly 
fainted and remained unconscious for several hours. Her mind remained 



Figuhk 301. Cast* 12. 

clouded for nearly a week and she never recovered her speech. Examination, 
six months after the seizure, showed a spastic paralysis of the right arm and 
hand with increased muscle tone and exaggerated tendon re Ilexes. The tongue 
when protruded turned to the right, but there was no atrophy. There was 
paralysis of the lower facial muscles on the right side. Sensation was normal 
over the entire body. 

Ts the facial paralysis due to a lesion of the upper or lower motor neuron? 
"Why? (Sec Case 10.) What type of paralysis is seen in the tongue? The paralysis 
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in the arm indicates an involvement of what group of neurons? These defects 
might have been produced by a lesion in the internal capsule or basis pedimeuli. 
Why does the absence ol any trouble in the leg speak against both of these 
places as possible locations? Y\ here are the* upper motor neurons spread out 
over a rather wide area and yet so arranged that those for the face and arm 
might be involved together while those for the leg escaped? On which side of 
the brain was the lesion located? What does the loss of ability to speak (aphasia) 
indicate? What would have been the difference in tin* symptoms if the lesion 
had been located in the corresponding area of the opposite side of the brain? 

Diagnosis, Embolism occluding branches of the middle cerebral artery 
supplying the lower half of the anterior central gyrus and Broca's area in the 
inferior frontal gyrus on the left side of the brain. 

CASE 13 

A girl, aged twelve, had experienced occasional epileptic seizures since early 
childhood. The seizures were characterized by clonic twitching of the muscles, 
starting in the left thumb, spreading to the rest of the hand, then the face, 
the arm, shoulder, body and on through the opposite side until the entire body 
was involved. Consciousness was usuallv lost during such seizures and the 
patient was drowsy afterwards. Electroencephalographic tracings showed an 
abnormal recurring slow spike pattern on the right frontoparietal area. The 
neurologic examination was negative. 

At operation there was no observable pathology on the surface of the 
cortex, but electrical stimulation in the lower part of the right precentral gyrus 
located a region associated with the thumb movements with which the seizure's 
began. This portion of the motor cortex was excised subpially. 

Immediately following the operation there was paralysis ot the left hand 
and forearm and weakness of the shoulder muscles as well as a slight weakness 
of the left side of the face. W ithin a few days all weakness and paralysis except 
in the hand movements cleared completely. Within a tew weeks the paralysis 
of the hand disappeared and the patient could make fine manipulation 
successfully and showed no loss ot strength, nor did she experience further 
seizures. 

Diagnosis. Jacksonian or focal epilepsy beginning from a focus in the 
motor area. I'he ease* illustrates the characteristic spread ot an abnormal 
discharge through the motor area involving successively adjacent areas. It 
further illustrates the recovery following removal ot small portions ot the 
motor region. 


CASE 14 

A man, while eating in a small cate,*was struck on the left side ot his 
head by a heavy china cup thrown from across the room. 11 is speech became 
suddenly impaired and he was rushed to a hospital, where examination dis¬ 
closed a depressed fracture in the region ot the pterion, and except toi the 
speech defect no other neurologic signs or symptoms. Immediate opeiation to 
lift the bone fragment disclosed a small portion ot the cortex ot the intiiioi 
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fronml gyrus lacerated by Hie bony depression. The dumaged cortex in the 
inferior fronlal convolution was removed by suction, leaving a sma I crater 
abouI I cm. across. The patient immediately lost Ins remaining ability to spea ' 

most words though he .. still use expletives when upset. Alter the operation 

he could still understand when spoken to and could read. Alter a day 01 »n 
he began to use a few words and within a few months his speech returned to 

normal (case of Or. ^ . h. Meacham). 
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of cortical injury. 

Diagnosis. Damage to the motor speech mechanism in Brocas area. I he 
ease is of interest because of the discreteness of the lesion and the specific type 
of speech damage, and the recovery after a small lesion. The whole of the area 
concerned with motor speech was apparently not removed, and the greater 
immediate loss must have been due partly to temporary functional disturbance 
from edema and mechanical pressures. 
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This division is composed of illustrations accompanied by a brief descriptive 
text and contains lhe following' seven subdivisions: 

1. Transverse sections of the brain stem at twenty levels. 

2. The nuclei of the brain stem as seen in transverse sections at Iwcntv- 

* 

five levels. 

o. Oblique sections through the region of transition between midbrain and 
thalamus at five levels. 

4. Horizontal sections through the internal capsule at three levels. 

5. Frontal sections through the cerebrum representing twelve planes. 

0. Parasagittal sections through the brain stem at fifteen positions. 

7. The brain of the sheep. 

Transverse Sections of the Brain Stem. 'The illustrations which follow have 
been drawn from selected transverse sections of the brain stem of a child 
prepared by the Pal-Wcigert method. They are sufficiently numerous to show 
the gradual rearrangement of fiber tracts which is seen when a series ot sections 
is followed rostrallv from the spinal cord through the brain stem. It is hoped 
that the descriptions which accompany the drawings will aid the student in his 
first study of such sections, but no effort should be made to remember the 
content of these paragraphs. After the first survey of the sections has been 
made, the student should tin’ll at once to the text. 

While this series of sections is arranged so that the various tracts are 
followed rostrallv, it is well to keep in mind which ot the tracts are being 
followed toward their terminations in nuclei ot the higher centers, proceeding 
m the direction an impulse would take, and which ones arc* being traced toward 
their origins and in a direction opposite to that which an impulse would travel. 

For purposes of orientation a key figure showing the location of the plane 
of section accompanies each drawing. FttMhcr assistance in visualizing the 
plane of these sections can be obtained by comparing these key figures with a 
drawing of the brain m silu (Fig. 28). 1 he structures which are seen in trans¬ 
verse sections all extend tor longer or shorter distances parallel to tin* long 
axis of the brain stem. If careful attention is paid to these planes of section 
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U,o studciil sill.I bare liltle (lilliculty in ilot.'in.nimg- a.. lie 

longilmlinal extent of each stniclniv ami should be able to build up a tridi¬ 
mensional conception of the brain stem. Figures -'30:! and tSOd have bee.scried 

as aids to the interpretation of the key figures. . 

Nuclei of the Brain Stem. Along with the sections drawn from Weigeit 
preparations, the nuclei of the brain stem as seen in transverse sections arc 
illustrated in a series of figures reproduced from Jacobsohn s (1909) monograp 1 . 
The drawings are from preparations stained with toluidm blue. While the 
figures have not been altered to any considerable extent the designation of the 
nuclei has been changed in many instances. Details as to the shape and structure 
of the cells in these nuclei can be found along with good illustrations in articles 

by Gagel and Bodeehtel (1930), and Stern (1930). 

In general the dorsal aspect of the sections showing nerve cell groups lies 
at a position slightly cranial to the Weigert-stained sections at the correspond¬ 
ing- level. It is rare that series of sections from two brain stems will coincide 
in plane, so the variation in the two series illustrated may be advantageous 
in the study of other series available to the student. 

Since the nuclei of the brain stem may extend craniocaudally through 
several of the illustrated transverse sections, a brief description of the chief 
nuclei encountered in the entire series precedes the illustrations. Additional 
details appear in the deseription of the separate levels in the Weigert series 
which accompanies the appropriate level, and in the earlier chapters in the 
text. 

It is suggested that this series showing the groups of cell bodies of neurons 
has its chief value in the outlining of specific nuclei through some distance. 
The student may, for example, find it valuable to follow single nuclei through 
the several sections in which they appear and thus gain appreciation of them 
in three dimensions. Furthermore, small cell groups, as the nucleus ambiguus, 
may be easier to visualize than they are in Weigert-stained series. 

The abbreviations listed below have been used throughout the series: 


a bd 

nucleus of ahdncens nerve 

fr 

ac 

nucleus of spinal root of accessory 

fr a 


nerve 

grae 

ac fat- 

accessory facial nucleus 

h 

ami) 

nucleus ambiguus 

if h 

a post 

area postrema 

if 1/ 

are 

arcuate nucleus 


ecu sup 

nucleus centralis superior 

in 

<' g 

central gray matter 

inf col 

com 

conuiiis.su ra 1 nucleus 

inf ol 

cun 

nucleus euncatus 

iufratri 

d ac ol 

dorsal accessory olivary nucleus 


.1 c 

dorsal cochlear nucleus 

i pc 

den 

dentate nucleus 

1 cun 

<1 mo vg 

dorsal motor nucleus of vagus 

1 1cm 

d r 

dorsal nucleus of the raphe 

1 ret 

d tg 

dorsal tegmental nucleus 

1 tg pr 

K \Y 

Kdinger-W estphal nucleus 


fac 

nucleus ot facial nerve 

1 VC 

fast 

fnstigial nucleus 

in ar o] 


forma tio reticularis 
nuclei of formatio reticularis alba 
nucleus gracilis 
nucleus of hypoglossal nerve 
nucleus interfascicular is hypoglossi 
rostral continuation of the nucleus 
interfa.seieularis hypoglossi 
nucleus intercalatus 
nucleus of inferior colliculus 
inferior olivary nucleus 
infratrigcniinal portion of lateral 
reticular nucleus 
interpeduncular nucleus 
lateral euneate nucleus 
nucleus of lateral lemniscus 
lateral reticular nucleus 
lateral tegmental process of pontile 
nuclei 

lateral vestibular nucleus 
medial accessory olivary nucleus 


Sections of tiie Brain 


4.51 


mag fr 

magnooellular nucleus ot reticular 
formation 

pi tg P 

miolous pigmontosus tegmentopoii- 
tilis 

lllON \ 

mosoiiooplialio me lons of trigeminal 

pm d 

miolous paramcdiaiius dorsalis 


nerve 

prao 

miolous praopositus 

111 go 11 

medial genienlato body 

r 

miolous of the raphe 

mo fr 

motor oolls of formalin reticularis 

R 

nucleus of Roller 

mo too 

motor oolls of teetnin 

rod 

rod miolous 

mo tg po 

motor togmoiitopodunoular linolons 

rctrofao 

retrofacial miolous 

mo V 

motor nnolons of trigeminal nerve 

ret rotri 

rotrotrigoininal motor miolous 

m tg pi¬ 

inet 1 i;t 1 tegmental proeess of pontile 

rot tg 

roticular toginontal miolous 


nnoloi 

son \ 

main sensory miolous of trigeminal 

nt VO 

medial vestibular miolous 


nerve 

OC 

oculomotor nucleus 

sol 

miolous of tract us solitarius 

p 

nuclei pout is 

sp V 

nnolons of the spinal tract of the 

pa r 

miolous pallidus of raphe 


trigeminal nerve 

P •> 

pontobulbar miolous 

sp VO 

spinal vestibular miolous 

PC P tg 

pedunculopontile togmoutal nnolons 

st gi¬ 

stratum grisoum 

peri pod 

peripedunonliir nnolons 

st loin 

stratum lemnisoi 

pei i vg 

perivagal portion of lateral reticular 

hi (tp 

stratum opticum 

miolous 

Sill) It 

substantia nigra 

p fr a 

porpondioular nucleus ot tonmitio 

sup ol 

superior olive 


retieularis alba 

supra-sp 

supraspinal miolous 

pi o 

pigmented cells 

sup VO 

superior vestibular miolous 

pi mod o 

miolous pigmontosus ot medulla 

tr b 

miolous of trapezoid body 

< >1 donga tii 

tro 

miolous of trochlear nerve 

pi p 

nucleus pigmontosus poiitis 

V 0 

ventral cochlear miolous 

pi tg old 

nnolons pigmontosus togmeutocere- 
1 tel laris 

v tg 

ventral togmoutal nucleus 


The nerve eells of the brain stem may be grouped into tour classes accord¬ 
ing to size, but the function of the cell is not indicated by its size. In general 
the larger cells give rise to larger axons, which run for long distances. Smaller 
cells, however, may have long axons, but they are small in diameter. on 
large cells with an average diameter of 40/x or more are found in the lateral 
vestibular nucleus, tin* maguocellular portion of the red nucleus, and in the 
reticular formation dorsal to the dorsal accessory olive. Large cells with average 
measurements of L ->? to 40// are found in the lateral enneate nucleus, ventral 
cochlear nucleus, mesencephalic nucleus of the trigeminal, and in the motor 
nuclei supplying skeletal muscle (Fig. 180, hypoglossal nucleus). Medium sized 
cells averaging Hi to c L2/z in diameter are found in the olivary, arcuate, and 
pontile nuclei, the parvoeellular portion of the red nucleus, the nucleus gracilis 
and cuneatus, the lateral reticular nucleus, and in the visceromotor nuclei such 
as the dorsal motor nucleus of the vagus (Fig. 180). Small cells with diameters 
less than 15// are characteristic of the main sensory and spinal nuclei of the 
trigeminal nerve, the interpeduncular nucleus and the nucleus of the tractus 

solitarius (Fig. 180). , . 

The column of large motor cells found in the anterior horn of the spinal 

cord is continued into the medulla oblongata forming the supraspinal, acccs- 
sorv and livnoglossal nuclei, in the low?., levels of tbc medulla, where the 
decussation of the pyramids occurs, these large cells of the anter.or horn are 
numerous ami may lie divided into two groups. The more lateral <>t the two 
is the nucleus of the syinal root of the accessory nerre (1'ig. :l»S). which can >e 
followed eaudallv into the lateral part of the anterior horn of the cervical 
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spinal cord, The medial group is Ihc nucleus supraspinahs (higs. 808—.317) which 
s(“iids fibers info the veillnil root of the first cervical nerve. It decreases iu 
size as it is followed rostrally and ends where the hypoglossal nucleus begins. 
The cells within this column are of the large multipolar type with conspicuous 
dendrites. As seen in the cresvl violet preparations, their abundant cytoplasm 
is lightly stained and contains large discrete tigroid masses. Such cells are 
typical of nuclei supplying skeletal muscle (Fig. 170). 

The substantia gelatinosa Rolandi of the spinal cord is continuous without 
change of structure with the nucleus of the spinal tract oj the fifth neire (Figs. 
.808—817). In sections caudal to the olive it is composed of closely {lacked small 
cells with little cytoplasm. On its outer surface and infiltrating the spinal 
trad of the trigeminal nerve are medium sized cells (nucleus marginalis). On 
its medial surface in the position occupied by the head of the posterior horn 
in the spinal cord is another scattered group of medium sized cells. At the 
level of the olive the nucleus becomes less well defined and irregularly triangular 
or oval in cross-section and is broken up into islands by longitudinal and 
transverse fiber bundles. Its histologic appearance also changes. The small cells 
are less numerous and the medium sized cells are scattered indiscriminatelv 
or in small groups throughout its cross-section. 

A few scattered cells of the nucleus of the funiculus gracilis (Figs. 808-320) 
are found in that funiculus at the level of the lower end of the pyramidal 
decussation. These very gradually increase in number as the serial sections are 
followed rostrallv. At the level of the middle of the decussation the cuneate 
nucleus makes its appearance in the form of a wedge projecting into the cuneate 
fasciculus from the ventral side (Figs. 808-811). 

In sharp contrast with the two preceding, the lateral or accessory cuneate 
nucleus (Figs. 814—827) is composed of large rounded or polygonal cells with 
deeply stained cytoplasm and small, not very sharply defined Xissl bodies. 
I hese cells resemble those found in the nucleus dorsalis of the spinal cord. 
They send their fibers by way of the rcstiform body to the cerebellum. This 
nucleus, which occupies a position superficial to the cuneate nucleus, begins 
at the level of the caudal end of the olive and increases in size rostrallv. 
Enlarging rapidly as the cuneate nucleus decreases in size, it underlies the 
developing restifonn body. In Fig. 828 it forms a large triangular field dorsal 
to the nucleus of the spinal tract of the fifth nerve, and at certain points, as 
in I«igs. <>2.) and o24, it projects as a column of cells through the rcstiform 
body and comes into relation with the pontobulbar nucleus. 

The cells of the lateral reticular nucleus (Figs. 814-828) are scattered 
among the longitudinal fibers of the lateral funiculus between the nucleus of 
the spinal tract of the fifth nerve and the olive. It is largest near its beo-iiinincv 
at the lower border of the olive where it has in cross-section a triangular outline 
with apex directed mcdialward. A few detached cells may lie in front of the 
inferior olivary nucleus (Fig. 817). More rostrallv it decreases in size and lies 
deeper iu tin* medulla on the dorsal side of the olive. In its upper part the 
nucleus is broken up into smaller parts and changes form repealcdlv due to 
the shifting relations of the fiber bundles of the reticular formation. Jacobsohn 
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distinguishes as separate nuclei belonging to this group the nucleus infratri- 
gemiualis (Fig. 354) and nucleus perivagalis (Fig. 353), the cells of which are 
said to differ trom those of the main group. In its lower part where the nucleus 
is largest it is composed of medium sized cells of various forms—triangular, 
fusiform, polygonal, or pear-shaped. 

The nuclei of Ihe olive are conspicuous features in sections through the 
upper part of the medulla. They are composed of medium sized cells, deeply 
stained, and rounded or polygonal in shape. These cells are rather closely 
grouped and the nuclei are sharply outlined. The inferior olivary nucleus (Figs. 
317—335) is the largest gray mass in the medulla. It consists of a very extensive 
lamina of gray matter bent and folded on itself in the form of a crumpled sac 
with the mouth or hilus directed medially. The medial accessory olivary nucleus 
extends the farthest caudally. It appears first as a ventrodorsally directed plate 
on the medial side of the supraspinal nucleus (Fig. 311). At a little' higher level 
this plate becomes bent on itself at a right angle and extends laterally under 
the lateral reticular nucleus (Fig. 314). St ill higher it lies medial to the hilus 
of the inferior olivary nucleus (Figs. 317-354). At this point it is sometimes 
split into two parallel plates lying close together. Ihe dorsal accessory olive , 
smaller than the preceding, forms a curved phite lying dorsal to the rostral 
part of the inferior olivary nucleus (Figs. 353-358). 

The arcuate nuclei are irregular masses of gray matter lying on the surface 
of the pyramids from the caudal border of the olive to the pons (Hgs. 314- 
335). They do not form a continuous sheet but rather a series ot plaques. 
They are largest at the rostral end of the medulla, where, at least in some 
specimens, they are continuous along the medial surface ol the pyiamids with 
the pontile nuclei which are composed ot the same type of cells. Ihe cells <ue ot 
medium size, rounded or polygonal in outline, and closely packed logelhci. 

The nucleus ambiguus (Figs. 308-335), which sends fibers into the ninth, 
tenth, and eleventh nerves, is a slender column ot colls extending the entile 
length of the medulla oblongata. It begins at the lower end of the medulla 
as scattered cells in the lateral part of the reticular formation ventromedial 
to the nucleus of the spinal tract of the trigeminal nerve. In some of the more 
caudal sections only one or two of these cells can be seen. In other sections 
larger clumps are visible in close proximity to bundles of fibers belonging to 
the roots of the vagus or bulbar portion of the accessory nerve. Toward the 
rostral end of the medulla the nucleus increases in size, slnits dorsomediallv 
and, becoming smaller again, comes to lie close to the ventromedial side of the 
tractus solitarius (Fig. 331). It ends at the level of the cochlear nuclei where 
it is situated close to the dorsal motor nucleus of the vagus (Fig. 335). Ihe 
cells are similar to those of the other motor nuclei supplying skeletal muscu¬ 
lature—large multipolar cells with conspicuous dendrites, abundant lightly 

staining cytoplasm, and large discrete Xissl bodies. . 

The dorsal motor nucleus of the vagus (Figs. 308-331) contains the cells 
of origin of general visceral efferent fibers, many of which reach that nerve 
through the bulbar rootlets of the accessory and its internal ramus. lake other 
general visceral efferent nuclei it is composed of medium sized cells with rather 
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lightly si nil led cytoplasm and small but fairly discrete Xissl bodies (Fig. 179). 
Many of (lie cells arc fusiform in shape. This nucleus begins at the level 
of lhe lower pari of tin* sensory decussation as a few cells m the lateral part 
of the central gray matter. At the level of the caudal part ol the hypoglossal 
nucleus these vagal colls become more numerous and the nucleus shifts dorsally 
with the central canal and finally comes to lie beneath the ala einerca in the 
floor of tI k* fourth ventricle. Here it has in cross-section the shape of an 
elongated oval with long axis directed vontrolaterally from the ventricular 
floor. Its dorsal border lies close to the floor of the fourth ventricle and its 
ventral border intervenes between the nucleus of the tractus solitaries and the 
hypoglossal nucleus. In sections through the rostral end of the medulla it leaves 
the floor of the fourth ventricle and, greatly redact'd in size, comes to lie close 
to the nucleus ambiguus and the nucleus of the tractus solitaries (Figs. 331, 


332). 


The nucleus of the tractus solitarius begins dorsal to the central canal at 
the level of the lower border of the olive. Here the nuclei of the two sides meet 
forming Cajal's commissural nucleus (Fig. 317). More rostrally the two nuclei 
form an inverted V with the apex at the posterior median fissure and then move 
ventrolaterally and become associated on each side with the tractus solitarius 
forming the nucleus of this tract (Figs. 331, 388). A few cells infiltrate this 
tract. At their upper end where the cochlear nucleus begins to appear, the 
tract and nucleus lie very close to the spinal nucleus of the fifth nerve (Fig. 
331). Fibers from the tractus solitarius are distributed to all parts of its nucleus 
including the commissural portion. The taste fibers of the facial and glosso¬ 
pharyngeal nerves end in the rostral portion; only vagal fibers reach the caudal 
portion ot the nucleus. The cells of the nucleus of the tractus solitarius arc 
small, their cytoplasm is scanty and lightly stained, and the Xissl bodies are 
small and poorly defined. These cells resemble those seen in the nucleus of the 
spinal fifth tract, in association with this and other vagal nuclei are found a 
few pigmented cells (nucleus pigmentosus of the medulla oblongata). 

The nuclei saliratorii cannot be recognized in sections of the normal brain 
stem and there is good reason to question the work of Kohnstamm (1902, 1903), 
since according to him these nuclei contain large cells and since all nuclei which 
are known to give rise to general visceral efferent fibers contain medium sized 
cells ot the type seen in the dorsal motor nucleus of the vagus. 

The hypoglossal nucleus (Figs. 317-328) represents the rostral continuation 
of the somatic motor column to which the supraspinal and accessory nuclei 
also belong, it begins at the level of the lower border of the olive in the ventral 
part of the central gray substance (Fig. 317) and extends to a point just caudal 
to the beginning of the cochlear nuclei, lying in the floor of the fourth ventricle 
close to the midline (Fig. 328). It is smaller at its two ends than in the middle 
part ot its course. Its cells are of the same type as those of other nuclei supplying 
skeletal muscle, large multipolar cells with abundant lightly staining cytoplasm 
and large discrete Xissl bodies. Somewhat smaller cells are also present and lie 
predominantly in the medial part of the nucleus. 

1 he nucleus luterculatus lies m the floor ot the fourth ventricle between 
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the hypoglossal nucleus and the dorsal motor nucleus of the vagus (Figs. 828- 
827). Its constituent cells vary in size and appearance. Most of the cells are 
small, but medium sized cells are found in clumps near its deep surface and in 
smaller numbers throughout the nucleus. The rostral end of the nucleus inter- 
calalus is not well defined. It passes without sharp line of demarcation into 
the nucleus praepositus which Jacobsohn calls the nucleus of the funiculus teres. 
This nucleus begins where the hypoglossal ends and extends to a point near the 
abduccns nucleus (Figs. 881-83!)). The field occupied by the nucleus praepositus 
is often considered a part of the medial vestibular nucleus and is not marked 
off from that nucleus in Figs. 102. 330 and 884. The cells vary considerably 
in size and shape. They are mostly of medium size and stain rather lightly. 

The nucleus paramedianus dorsalis (Figs. 820-840) is situated on either side 
of the midline ventral to the central canal and in the floor of the fourth 
ventricle. At the level of the cochlear nuclei and in the caudal part of the 
pons it is relatively large (Figs. 381-835) and is commonly known as the nucleus 
of the emiuentia teres (Figs. 1(52 and 880). More roslrallv it decreases in size 
and disappears at about the* level of the facial nucleus. 1 his column is inter¬ 
rupted at places and sometimes it is absent tor a short distance on one side 
and present on the other. The cells are closely packed and ot small size. 1 he\ 
are rounded or fusiform in shape and an* rather deeply stained with small 
poorly defined Ni ss I bodies. This nucleus projects to the cerebellum and 
receives fibers from higher levels of the brain stem and from the spinal cord. 

Nuclei of the Fokmatio Reticularis Giusea. Nerve cells are scattered 
throughout the reticular formation but in certain regions they are much more 
numerous than in others. Several such accumulations of relicnlai cells aie 
recognized. Some of these are located along the course of the root fibers of the 
hypoglossal nerve (nuclei interfasciculares hvpoglossi. Figs. 828. 824). At the 
level of the caudal border of the cochlear nuclei cells are found forming an arch 
over the median longitudinal fascienlus and joining the cells along the hypo¬ 
glossal root with the nucleus of the raphe (Fig. 881). Ventral to the hypoglossal 
nucleus there is an accumulation of closely packed small cells forming the 
nucleus of Roller (also'known as the small-celled hypoglossal nucleus and as the 
nucleus sublingualis. Figs. 828-827). These cells send their axons into the 
reticular formation, not into the hypoglossal nerve. Isolated large cells ot the 
motor type arc scattered through the reticular formation (nucleus motorms 
dissipatus formationis reticularis or motor cells of the formalio reticularis, tigs. 
827, 828. 88(5-84!)). In the rostral part of the medulla there is an accninu at ion 
of verv large cells situated dorsal to the olive, the magnoccllular nucleus of the 
reticular formation (Figs. 828-885). These giant cells are larger than the cells 
of the motor nuclei and have smaller, less discrete Nissl bodies. 

Nucleus of the Raimie and Forawatio Reticularis Alba. Cells are 
found along the raphe and in lines extending lateralward into the tormat.o 
reticularis alba (Figs. 828. 824). A prominent group of these lies behind ic 
pvramids and corresponds to Cajal’s postpyramidal nuclei. Another pro,ume.it 
group is seen dorsal to the medial accessory olive at about the noddle o he 
medulla (perpendicular nucleus of formalio reticularis alba. log. .>M) / n 

upper end of the medulla cells accumulate in large numbers along the raphe 
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( i i i i < * I ( * 11 s of I Ik* raphe, Figs. 424—441). At llic* l(“\'(*l ot llu* eochlcai nuclei <in 
aggregation ol pale cells ; 1 1<>1 1 <»* the raphe bulges laterally into the leticulai 
I’oniialion (iiueleiis pa 11 id us of tile raphe, Figs. 442-44(>). 

Th e arret post re nut (Fig. 420) is an aeeuinnlalioii of glial cells, pigmented 
nerve (.‘ells, and venous sinusoids along tin* lateral border ot the caudal end of 
the fourth ventricle extending into and producing a thickening of tin* lateral 
margin of the* roof of the ventricle. It has been torn away from the section 
represented in Fig. 424 but is partly responsible for the thickening in the 
ventricular roof shown in Fig. 424. 

Nucleus Pontohulhahis. Part of the thickening in the roof of the fourth 
ventricle shown in Fig. 424 is composed of medium sized nerve cells. Similar 
cells form a band that can be followed laterally and then ventrally and rostrally 
along the surface of the rcstiform body (Figs. .424-828). This band of cells lies 
under the caudal border of the ventral cochlear nucleus (Fig. 441) and joins 
a much larger accumulation of cells of the same type ventral to the rcstiform 
body (Figs. 442-449). The pontobulbar nucleus which, as indicated above, 
partly encircles the rcstiform body consists of closely packed medium sized cells 
similar to those of the pontile nuclei with which it appears to be continuous. 
The nucleus with its accompanying fibers forms the corpus pontobulbare (Figs. 
32 and 159). The part which rests upon the dorsolateral surface of the rcstiform 
body has been called by Jaeobsohn the nucleus marginalis corpus restiformis. 
The pontobulbar body may represent an outlying part of the pons. 

The cochlear nuclei are the nuclei of reception of the cochlear nerve. The 
ventral cochlear nucleus (Figs. 441-445) lies lateral to the ventral part of the 
restitonn body in close relation to the pontobulbar nucleus: and at a slightly 
more rostral level it is covered by the cerebellum forming a buried mass of gray 
matter which in cross-section has a triangular shape (Figs. 34G, 449 and right 
side of Mg. 884). It is composed of closely arranged large round cells with 
darkly staining cytoplasm and small Xissl granules. The unstained spaces 
occupied by these cells give the nucleus its characteristic lacy appearance in 
Weigcrt preparations (Fig. 102). The dorsal cochlear nucleus rests upon the 
dorsolateral aspect of tile rcstiform body (Figs. 428-445). Its cells are of an 
on til el \ different type than those in the ventral nucleus. They are much smaller 
and fusiform in shape. They lie among and with their long axes parallel to the 
bundles of auditory fibers of the second order which curve around the rcstiform 
body. Among these are some medium sized polygonal cells which stain less 
heavily than the cells ol the ventral cochlear nucleus. 

I estibular nuclei , tour in number, are arranged as shown in Fig. 189. At 
the point where the vestibular nerve reaches the gray matter beneath the floor 
ol the hnirtli ventricle many large cells are seen. These constitute the lateral 
restibulav nucleus (Fig. 445). Along the course of the vestibular nerve as it 
penetrates tin* brain stem, small groups of similar cells are scattered (Figs. 44(>, 
o.>9). Ibis nucleus extends rostrally to the level of the nucleus of the abducens 
nei \ r e (Mg. .>40). I he cells are multipolar and very large. They differ from those 
found in the motor nuclei in that they are larger, their cytoplasm is more heavilv 
stained, and the Nissl bodies are less sharply defined. 

llnoughout its extent the descending vestibular root contains a meshwork 
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of gray matter in which arc found small and medium sized cells in a loose 
arrangement. 'These cells vary greatly in shape and their cytoplasm stains rather 
deeply. They constitute the spinal vestibular nucleus (Figs. 331, 33 c 2). 

The medial vestibular nucleus (Figs. 3 c 24-33(>) lies in the floor of the fourth 
ventricle, medial to the lateral and spinal vestibular nuclei and lateral to the 
nucleus praepositus. At lower levels it lies lateral to the nuclei of the vagus 
nerve. It is composed of small and medium sized cells of various shapes. At 
its rostral end it becomes reduced in size and is continuous with the superior 
nucleus. 

The superior vestibular or angular nucleus lies in the angle between the 
pons and cerebellum (Figs. 339—34G). It is continued rostrallv as far as the 
caudal border of the motor nucleus of the trigeminal nerve. It is composed of 
cells which resemble those found in the spinal nucleus—small and medium sized 
cells of various shapes. 

X uclki of the Thapezoid Body. According to Jacobsohn there are two 
trapezoid nuclei, one directly ventral to the taeial nucleus and the otliei some¬ 
what more lateral (Fig. 39(5). The cells are small and polygonal and embedded 
in a dense glial teltwork. 

The superior olivary nucleus (Figs. 339-352) extends from the level of the 
facial nucleus to that of the motor nucleus of the trigeminal. It is largest at its 
caudal end where it lies ventromedial to the facial nucleus. Here it is composed 
of two groups of cells. Medially there is a very compact group forming a thin 
flat plate directed dorsoventrallv, indicated by a dark line in the figures. This 
is surrounded by a dense feltwork of glia which gives this mass its oval form. 
More latcrallv there is a curved plate of more diffusely arranged cells which 
partlv surrounds the preceding. The cells are of medium size and contain very 
large sharply defined tigroid masses. In the flat plate of the medial group the 
cells are fusiform in shape and densely packed together. This characteristic 
group of cells can be followed rostrallv, decreasing in size, to the level ot the 
motor nuclei of the trigeminal nerve. 

The jacial nucleus is situated ventromedial to the nucleus ot the spinal 
tract of I lie fifth nerve and is found in the most rostral level of the medulla 
oblongata and in the vandal part of the pons ( h ms. 835-848). H is composed 
of larti'e multipolar cells with lightly staining cytoplasm and large sharpl.i 
defined Xissl bodies, similar to the cells found in the other nuclei supplying 
skeletal muscle. Small isolated groups of similar cells are lound somewhat arllicr 
dorsallv (acccssorv facial. Figs. :i:5t). .‘5+0; retrotiigcmnial. hig. 34:!). and these 
seen, Ur represent a bridge between the facial and motor Ingcmma nuclei. 
Caudal to the facial nucleus in the medulla is a small group ol large ee Is which 
differ in size ami appearance from those of the nucleus ambiguus. which at his 
level is deeply situated near the tract,,s solilarius. This group has been called 

bv .Jacobsohn the nucleus relrotaciahs (hig. .>.>1). 

The abduce,,. s- nucleus (Fig. 340) helps to for,,, the taeial colliculus in the 

floor of the fourth ventricle. It is a large spherical mass ol cells no, tar I,on, 
the midline but separate,I from it by the genu of the taeial nerve. I ,s composed 
of cells of the Ivpe usually found in nuclei sup plying skeletal inns, le. 

The nuclei oj the trigeminal nerve arc shown diagrammatic,,lly m I ig. Km. 
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The nucleus oj I he spinal tract ol l Ik* filth nerve has already Ix'en described. Il 
can be followed roslrally lo Hie point when* the more caudal fibers ol the fifth 
nerve join Ihe spinal fifth tract. Here (Fig. .‘>45) il becomes reduced in size 
and broken up into small islands which form the transition between the spinal 
and the main sensory nucleus. Along the dorsomedial border of this transitional 
zone and extending roslrallv in a similar relation lo the main sensory nucleus, 
then* is a nuclear column characterized by a dense feltwork of fine myelinated 
fibers and a paucity of cells which forms, in Weigert sections, a very charac¬ 
teristic feature of this zone of transition (Fig. 842, three light spots dorso¬ 
medial to the spinal fifth tract). 

At the level where the motor fifth nucleus begins to appear, the sensory 
column increases in size and becomes more compact and forms on the dorso¬ 
lateral side of the motor fifth nucleus the main sensory nucleus of the trigeminal 
nerre (Figs. 824—852). It may be questioned whether the cell groups shown by 
Jacobsolm close to the floor and lateral wall of the fourth ventricle (Fig. 840) 
actually belong to the trigeminal nerve. The main sensory nucleus is closely 
packed with small cells. 

The motor nucleus of the trigeminal nerve forms a well defined oval mass 
situated on the ventromedial side of the main sensory nucleus (Figs. 840-852). 
It is composed of large multipolar cells of the skeletal motor type. 

The mesencephalic nucleus of the trigeminal nerve is composed of large 
oval or round cells devoid of dendrites with deeply staining cytoplasm and fine, 
not very discrete Xissl bodies. It begins at the upper border of the motor and 
main sensory nuclei and is continued roslrallv as a very slender, frequently 
interrupted column close lo the lateral angle of the rostral part of the fourth 
ventricle (Figs. 849-858) and in the lateral part of the central gray surrounding 
the cerebral aqueduct (Figs. 856—808) to the level of the superior colliculus. It 
lies dorsal to tin* nucleus pigmentosus pontis of the locus coeruleus. 

1 he pontile nuclei are large accumulations of medium sized rounded or 
polygonal, deeply staining, finely granular cells which are closely packed together. 
Acar the caudal border ol the pons these nuclei form a ring around the pyramid 
(hig. 889). More roslrallv they are separated into islands by the longitudinal 
and transverse fibers of the pons (Fig. 850). In Figs. 848-858 only those cells 
which lie close to the tegmentum are shown. 

According to Jacobsohn, nuclear masses continuous with the pontile nuclei 
project into the tegmental portion of the upper part of the pons. lie dis¬ 
tinguishes two ol these projections on each side, one near the midline and the 
other extending into the lateral part of the tegmentum. The medial tegmental 
pioeess (figs. .>4(5—858) includes what are usually known as the reticular teg¬ 
mental nucleus, the superior central nucleus, and possibly the ventral tegmental 
nucleus. Papez (192(5) has shown that fibers from the reticular tegmental nucleus 
and perhaps also from the superior central nucleus run by way of the deep trans¬ 
verse fibers ol Ihe pons lo the cerebellum. The lateral tegmental process (Figs. 
84(5-855) projects dorsalward into the lateral part of the tegmentum. 

Ilcmextal axd Reticulah Nuclei. The retieulotegmental nucleus (Figs. 
• >b), • >5 1) icscmblcs the pontile nuclei. It lies near the midline medial and 
dorsal to the medial lemniscus. Dorsal to it and spreading laterally into the 
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reticular formation is the* superior central nucleus (Figs. 349, 352). It is com¬ 
posed ol medium sized cells. Ventral to the medial longitudinal fasciculus is 
a group of cells oi medium size which is known as the rent ml ley mental nucleus. 
In the caudal part ot the mesencephalon there is found within the central 
gray matter a group of cells upon the dorsal surface of the medial longitudinal 
fasciculus. This is known as the dorsal Icy mental nucleus (Fig. d57). The area 
designated by this name in Figs. 357—303 was labeled supratrochlear nucleus 
by Jacobsohn. It includes in addition to the dorsal tegmental nucleus other 
cell groups such as that designated by Marburg as the lateral nucleus of the 
aqueduct. At the level of the dorsal tegmental nucleus and more caudally in 
the region of transition between the fourth ventricle and aqueduct a lamina of 
cells is found within the central gray matter on each side of the midline. This 
is the dorsal nucleus of the raphe (Fig. 350). 

At the junction of the pons and mesencephalon the cells of the reticular 
formation are displaced laterally by the decussation of the brachium con- 
junctivum, producing at this level a rather dense accumulation of medium 
sized cells, the pcdunculo pontile ley mental nucleus (Figs. .‘>5(5, .‘557’). In the 
mesencephalon small groups of large multipolar cells are found in the tegmentum 
between the midline and the red nucleus, the motor teymentopeduneular nucleus 
(Figs. .‘500, .‘503). 

Nucleus of tiie Latehae Lemniscus. At about the level of the decus¬ 
sation of the trochlear nerve there is found in the course ot the lateral lemniscus 
a meshwork of gray matter which is known as the nucleus oj the lateral lemniscus 
(Fig. 350). Within the strands of this gray mesh are seen medium sized cells, 
many of which are fusiform in shape. 

The nucleus plymentosus pontis consists ot polymorphous cells whose 
cytoplasm contains brown pigment. These cells are loo large to be described 
as medium sized but not as large as some ot those ot the adjacent mesencephalic 
nucleus of the fifth nerve. The main mass of these cells tonus the pigmented 
nucleus of the locus coerulcus (logs. 352—300). It lies at the lateral angle ot 
the rostral part of the fourth ventricle and in the mesencephalon along the 
lateral border of the medial longitudinal fasciculus. The nucleus decreases in 
size as it is followed rostrally. Scattered pigmented cells which appear to form 
extensions ot this nucleus are found m the lateral part ot the tegmentum of 
the pons (Figs. 343-341), nucleus pigmentosus tegmentopontilis) and in the 
cerebellum close to tin* lateral part ot the root of the fourth ventricle (logs. 
343-349, nucleus pigmentosus tegmentocercbellaris). 

The red nucleus (Figs. 300-303) consists of two parts. The maynocellular 
portion ., not represented in these drawings, is small and rudimentary in man 
and represented bv very large multipolar cells m the biachmm conjoin In mu 
at the level where this is penetrated by the most caudal fibers of the third 
nerve, i.c., just caudal to the level where the red nucleus becomes clearly 
evident. What is ordinarily known as the red nucleus in the human brain is 
the parroccllular portion, a large cylindrical column ot gra\ mallei extending 
rostrally into the sublhalamus. It is composed of medium sized cells. In lower 
forms, the cat for instance, the maguoeellulai pail constitutes almost the 
entire red nucleus and the parvoccllular portion is difficult to find. 


4(j() Anatomy of the Nervous System 

TI w substantia nigra (Figs. 350-363) is a thick plate of gray matter resting 
ui)on the deep surface of (lie basis peduneuli and extending from tin* rostral 
border of the pons into the snblhalamns. It contains an accumulation ot huge 
pigment cells which for the most part do not rest upon the deep surface of the 
basis peduneuli hut form a compact but irregular and broken lamina that is 
separated from the basis by a thick layer of gray matter which contains 
scattered nerve cells. The layer of closely packed cells is known as the pais 
com pacta. It is illustrated and labeled in Figs. 35(>-3<53 as if it constituted 
the entire substantia nigra. The scattered cells between the pars compacta 
and the basis peduneuli constitute the pars reticularis. It is represented by a 
few dots in Fig. 303 but is not represented at all in the other figures. As a 
result the basis peduneuli appears too massive. Some cells of the pars reticularis 
infiltrate the deep surface ol the basis peduneuli. Pigmented cells are found 
not onlv in the substantia nigra but also scattered through the medial part 
of the tegmentum (Figs. 3(50, 303). 

The interpeduncular nucleus lies in the floor of the interpeduncular fossa 
at the rostral border of the pons (Figs. 350, 300). It is composed of small pale 
cells. 

In the inferior colliculus of the corpora quadrigemina there is a large gray 
mass composed of small cells among which there are also a few of medium 
size. This is the nucleus of the inferior colliculus (Figs. 357-300). Within the 
superior colliculus there are three not very well defined gray laminae composed 
for the most part of small cells. Scattered through the middle layer and to a 
much less extent through the other two arc some large cells of the motor type. 
These three layers correspond from within outward to the stratum lemnisci, 
stratum opticum, and stratum griseum , respectively (Fig. 303). Superficial to 
these three layers and immediately beneath the tangential fibers of the stratum 
zonule there is a thin layer of small fusiform cells with long axes parallel to the 
surface of the colliculus. 

The trochlear nucleus is embedded in the dorsal surface of the medial 
longitudinal fasciculus at the level of the inferior colliculus (Fig. 300). It is 
composed of large multipolar cells of the type which supplies skeletal muscle. 
At its rostral extremity it becomes reduced to two or three cells and then 
after a few sections becomes continuous with the oculomotor nucleus. The 
figures in Jaeobsohn's monograph do not adequately represent the oculomotor 
nuclei or the nuclei associated with the rostral end of the medial longitudinal 
fasciculi. 

The oculomotor nuclei lie in the trough formed bv the medial longitudinal 
fasciculi. They are illustrated in Fig. 175. 

The nucleus of Darkschewitsch lies at the edge of the central gray dorso- 
mcdial to the red nucleus at the point of transition between the third ventricle 
and aqueduct (Figs. 374, 377). Between it and the red nucleus lies the interstitial 
nucleus among the scattered fascicles representing the rostral end of the medial 
longitudinal fasciculus. The latter nucleus begins at a slightly lower level and 
extends downward a little farther than the nucleus of Darkschewitsch (Ingram 
and Hanson, 11)35). 
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Figure 303 . From a median sagittal section of the human cerebrum. 
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Figure 304 . Lateral view of human brain stem. 


































Posterior median fissure 


MH 


Anatomy of the 


Nervous System 











403 


Sections of the 


Brain 













Posterior median fissure 


4(>4 


Anatomy of the 


Nervous System 









iculi are more definitely separated from eaeli other by a 


Sections 01 


















Posterior median fissure 


-k;<> 


A.VATO.M V OK THE As KHVOUS SYSTEM 









: enlargements of l lie 


Sections op 


tup 


Bicux 


467 













4(>8 


Anatomy of tiik Nervous System 





Figure 313 lies at tlie caudal end of the decussation of the 
medial lemniscus and the rostral end of the decussation of the 
pyramids. The number of fibers in the posterior funiculi de¬ 
creases as the size of the nuclei increases. Arising from cells in 
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The fourth ventricle lias decreased considerabh in size 
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in the preceding sections. The lateral lemniscus has been displaced lateralwnrd and dorsalward. 
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Figure 30.3. Section through the mesencephalon at the caudal borders of the superior colliculi and mammillary bodies in the plane indicated in 

Fig. 300. Magnification I 
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Fig run 3(>1). Section through the mesencephalon and internal capsule in the plane indicated by 

Fi<>s. .‘570 and 37 1. (Redrawn from Dejerine.) 
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Oblique sections through the region of transition between midbrain and 
thalamus arc represented by the following five illustrations. The oblique plane 
ot section, indicated in the accompanying key figures, makes possible a clear 
display of the quadrigeminal brachia, fields of Ford, and the ansa lenticiilaris. 

higurc 3(j<) represents a section through the rostral part of the mesen¬ 
cephalon cut at a slightly different angle than the preceding section. It passes 
through the optic- tract, sublenticnlar part of the internal capsule, and the 
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Fiona: 372. Section through the hypothalamus ami internal capsule in the plane indicated by tig. 

373. (Redrawn from Dcjeriue.) 


pulvinar of the thalamus (Fig. 37 l 2). and through the upper end ot the mesen¬ 
cephalon (Fig. .‘>70). Under cover ot the pulvinar and resting upon the lateral 
surface of the mesencephalon arc the rostral ends ot the medial and lateral 
geniculate bodies. The lateral zone ot Wernicke, shown better in hig. 400, 
contains fibers from the optic tract and tT'om the geniculocalearine tascicuhis. 
It is continuous with the stratum zonale on the dorsal surtace, and the cxteinal 
medullary lamina on the lateral surtace ot the thalamus (hig. .>00). fibers tiom 
the medial geniculate body, belonging to the auditory radiation, run Intelal- 
ward into the sublenlicular portion of the internal capsule whore they become 
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losl among* the l(*m|)oro])onllie fibers. 4 lie tem])oro])ontile fibers may be traced 
from llie siiblenlieiilar portion of llie internal capsule into the lateral |iart ot 
the basis pcdunculi. The inferior quadrigeminal braeliimn is placed ventral to 
the medial geniculate body and llie superior (piadrigemiiial brachium dorsal 
to it. 

Figure . 1 >7 C 2 represents a section through the hypothalamus a short distance' 
rostral to the upper end of the mesencephalon. It passes through the optic 
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Figure 373. 


Figure 374. 


Figures 374. 377. Sections showing the nucleus ot Dnrkseliewilseh and the interstitial nucleus. 


AQ, Aqueduct; CO, central gray: ^ , ... - - --- • 

A* Dark, nucleus of Darkschcwitsch: .V hit . interstitial nucleus; Mi. red nucleus; / (. posterior 
commissure; l>i„, pineal body; SC. superior colliculus; SC X. commissure of superior colliculus; 
SM X. snpra.ua...miliary decussation; Tr llah I'al. I rad ns hahenulopeduneular.s; 7r M /. traetus 
mam mi I lot ha la miens; Vent third ventricle. Drawings hy Ingram. 

chiasma, tuber einereum, mammillary body and superior colliculus of the 
corpora quadrigemina (Fig. .474), and through the optic tract, rctrolenticular 
part of the internal capsule, and the pulvinar of the thalamus. Dorsal to the 
optic tract is seen the highest part of the basis pcdunculi. This is continuous 
lateralward with the subthalamic portion ol the internal capsule which is 
situated between the lenliform nucleus and the subthalannis. I he latter repre¬ 
sents an upward continuation of the tegmentum ot the mesencephalon which 
it resembles somewhat in structure. The substantia nigra, which is well developed 
in the preceding section, is replaced by the subthalamic nucleus ot laps. I he 
fasciculus rclrollexus of Meynert is seen passing through the red nucleus. 


CM, niaimnillarv body: FLX. medial longitudinal fasciculus; 
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Directed lateralward from tins nucleus are coarse bundles of fibers bolon<nn<r 
to the legmcntal rmliation through which the corlicorubral tract makes its wav 
trom the internal capsule to the red nucleus. Dorsal to the tegmental radiation 
is the medml lemmsens. and dorsal to this, the interior quadrigeminal brachinm 
ilns braclnum is represented hy a heavy bundle of fillers exlemling from the 
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Figure 377. Section through the hiisal gjmglia and internal capsule in the plane indicated by Mg. 

370. (Redrawn from Dejerine.) 

internal capsule along the ventral side ol the medial geniculate body toward 
the inferior colliculus. It contains, in addition to the auditory fibers trom the 
lateral lemniscus (Fig. 170), also cortical projection fibers trom tin* sublenticnlar 
segment of the internal capsule. The medial geniculate body separates the two 
quadrigeminal brachia. The superior quadrigeminal brachinm extends lateral- 
ward between the medial geniculate body and the pulvinar. In addition to 
fibers from the optic tract it contains projection fibers from the cerebral cortex. 
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Those project ion fibers come by way of the retrolenticular segment of the 
internal capsule and traverse the lateral zone of Wernicke and the superior 
quadrigeminal braehium to reach the superior colliculus. I he lateral zone is 
well developed and is situated on the lateral side of the pulvinar, which it 
separates from the reticular zone and the internal capsule. Lateral to the optic 
tract are seen the substantia innominala, the anterior commissure, and the 
most ventral part of the lenliform nucleus. Lateral to these structures are the 
external capsule and claustrum. 



For description see Fig. 374. 

Figure .‘>75 represents a section through the hypothalamus and basal 
ganglia at a slightly higher level than the preceding one. It passes through 
the upper border of the optic tract and the retrolenticular part of the internal 
capsule and the pulvinar, and through the lamina lerminalis, tuber cincreum, 
mammillary body, and posterior commissure (Fig. 370). The basis pcdunculi 
is represented at this level by the subthalamic portion of the internal capsule 
with which it is directly continuous and by which the Subthalamus is separated 
from the lenliform nucleus. The section passes above the level of the sub- 
lenticular part of the capsule and below the level of its anterior limb. Posteriorly 
the internal capsule is continuous through its retrolenticular portion with the 
internal sagittal stratum. Lateral to the optic tract is the substantia innominata, 
the anterior perforated substance, and the lowest part of the head of the 
caudate nucleus. Lateral to the internal capsule are the lentiform nucleus, 
external capsule, and claustrum. In the midline are seen the posterior perforated 
substance and the portion of the third ventricle that connects with the cavity 
of the infundibulum. Surrounding this portion of the ventricle are the tuber 
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cincrcum and mammillary body. The red nucleus is surrounded by a capsule 
formed chiefly by fibers of the brachium conjunetiviim. and is pierced by the 
fasciculus retro flex us of .Weynert. From the red nucleus the tegmental radiation 
stiearns lateralward. In the dorsal part of the section is the pulvinar of the 
thalamus with the lateral zone of Wernicke upon its lateral surface. This is 
separated by the reticular zone from the rctrolcnticular part of the internal 
capsule. 1 he subthalamic nucleus is situated dorsal and medial to the internal 
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pH.i'liK 3?8. Section through the b<is;il ganglia and internal capsule in the plane indicated bv 1 igs. 

373. ami 380. (Redrawn from Dejerine.) 

capsule. The mainmillolhalaniic fasciculus and the anterior column of the 
fornix are cut across m the rostral part of the mammillary body. 

Figure 378 was drawn from a section through the hypothalamus, thalamus, 
and lentiform nucleus. It passes through the internal capsule some distance 
below the anterior limb, cutting through the subthalamic and retrolenl iciilar 
portions of the posterior limb (Fig. .‘580ft-and through the lamina lerminalis 
and posterior commissure (Fig. 879.) The internal capsule forms a broad band 
of white matter separating the lentiform nucleus which lies upon its lateral 
aspect from the subthalamus and thalamus which lie medial to it. The lenliforin 
nucleus is fused medially with the head of the caudate nucleus. Adjacent to 
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Fhjitkh .‘581. Section through the basal ganglia and internal capsule in the plane indicated by higs. 

SS L > and :5K.‘3. (Redrawn from Dcjerinc.) 
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tlic gray matter surrounding Hie third ventricle are seen the anterior column 
ol the fornix, the mammillolhalamie fasciculus, and the fasciculus ret rotlexiis 
of Meyncrt. The ansa lentieularis streams medially from the globus pallidas 
around the medial border of the internal capsule. Dorsal to the subthalamic 
nucleus is a field of myelinated fibers, the tegmental field (II) of Ford. It is 
prolonged lalcrward as the thalamic fasciculus (field II,) of Ford. From tin* 
cut ire medial surface of the globus pallidas fibers pass backward through the 
internal capsule. They form the lenticular fasciculus (field IF) and are con¬ 
tinued medially into the tegmental field (II) of Ford. (See also Fig. g()(i.) 
Hot \\ ecu the thalamic and lenticular fasciculi is a plate ol grav unit lei', known 
as the zona incerta, which is continuous laterally with the reticular zone of 



the thalamus. The reticular zone is a thin plate of gray matter separating 
the external medullary lamina of the thalamus from the internal capsule. 

Figure MSI represents a section through the hypothalamus, thalamus, and 
leiiliform nucleus slightly higher than the preceding one. It passes through 
the internal capsule immediately below its anterior limb and through the sub¬ 
thalamic, lenticulothalamie. and rctroleiiticular portions of the posterior limb 
(Fig. and through tin* lamina terminalis and habenular commissure 

(Fig. DS->). The rctroleiiticular part of the internal capsule separates tlx* hmtiform 
nucleus from the tail of tin* caudate nucleus. The hmtiform nucleus lies on the 
ventrolateral side of the internal capsule and is composed of two parts, the 
globus pallidas and putamcn. It is continuous medially with the caudate 
nucleus. The section was made below the level of the point where the anterior 
commissure crosses the midline, but cuts across the commissure as this curves 
under the lentiform nucleus. Medial to the internal capsule are seen the sub- 
thalamus and thalamus. Adjacent to the gray matter enclosing I lie third 
ventricle can be distinguished the anterior column of the fornix, the inaiii- 
ni i Hot ha la in ic fasciculus, and the fasciculus ret roflexns. The latter is cut at I ie 
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rough I lie basal ganglin and inlemal capsule in the plane indicated by Figs. 
3S.3 and 3S(>. (Redrawn from Dejerine.) 


point where it enters the habenular ganglion. In the subthalamic region the 
fasciculus lenlicularis rests upon the* dorsoinedial aspect ot the internal capsule. 
It consists of libers from the lentiform nucleus which have made their way 
through the internal capsule. Dorsal to it is the zona ineerta and dorsal to 
that. (In • fasciculus thalamicus. The ansa lenlicularis is seen coming from 1 lie* 
globus pallidas. 'The origin of the ansa can be seem belter in the preceding 
section. It winds around the medial border of the internal capsule and joins 
the fascieuius lenlicularis in the subl ha lam us. Next to the internal capsule are 
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tlic external medullary lamina and the retieular zone. The surface of the 
pulvinar is covered hy the .stratum zonale. 

Horizontal sections through the internal capsule at three successive levels 
arc represented in the accompanying illustrations. They show the subdivisions of 
the internal capsule and its relation to the subthalamus. thalamus, and corpus 
striatum. 

Figure .‘384 represents a section through the internal capsule immediately 
above the sublentieular portion (Fig. 88(i). and through the anterior anil 
posterior commissures (Fig. 885). The plane of this >cction makes an acute 
angle with those of the preceding sections. The inclination of tin* plane of 
sec o c t ut. thioiijji the low ermost fibers of the anterior limb 



and the junction of the sublentieular with the relrolenlicular portions of the 
internal capsule. Some lemporopoutilc fibers belonging to the sublenticulai 
portion are shown in t lie* drawing and the continuity of the retrolent ieular 
portion with the internal sagittal stratum is illustrated. 1 he anlerioi limb 
separates the head of the caudate from the lenliform nucleus. The anterior 
commissure can be traced latcrward and then somewhat baekwaid nmh i the 
lenliform nucleus. 1 he external capsule s(*parates the latter from the tlaiisli uni. 
In the subthalamus one sees the subthalamic nucleus upon the medial surface 
of the posterior limb of the internal capsule. In or near the gray matter bounding 
the third ventricle max' be seen the anterior column of the lornix. the mam- 
millothalamie fasciculus and the fasciculus rctroflexiis. 

Figure 88? represents a typical horizontal section through the internal 
capsule. It was cut in a plane parallel to that of the preceding section and 
passes through the lower border of the interventricular foramen and through 
the habenular ganglion as indicated in Fig. 888, and through the anterior and 
posterior limbs, genu, and relrolenlicular portion of the internal capsule as 
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FinntK 387. Section llimugli the basal j-an«Iisi and internal capsule in the plane indicated by Figs. 

388 and 38!). (Redrawn from Dejenne.) 


indicaled in Ki<*\ MS!). The anterior limb consists of nearly horizontal fibers 
which run in the plain* ol the section. It separates the head ot the caudate 
nucleus from tin* lenliform nucleus. The lenticnlothalamic portion of the 
posterior limb separates tin* lentitorm nucleus from the thalamus. Its fibers 
course vertically and are cut across in the section. I he fibers ot the retro- 
lenticular portion are directed laleralward between the lentitorm nucleus and 
the tail of the caudate nucleus, on the lateral side of which the fibers turn 
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backward to join the internal sagittal stratum. The lentiform nucleus is divided 
by medullary laminae into three segments, the outer of which is known as 
the put a me n and the two inner torm the globus pallidus. The putaiucn is 
separated from the claustrum by the external capsule and the clauslrum lies 
m contact with the white substance underlying the insula. Several parts of the 
thalamus may be distinguished: namely, the pulvinar and the medial and 
lateral parts of the thalamus, and, belonging to the ventral division of the 
lateral part the centrum medianum and the semilunar nucleus, the latter 
being known also as the posteromedial ventral nucleus. The medial and lateral 
parts are separated by the internal medullary lamina, and on the lateral side 
of the lateral part is the external medullary lamina. External to the pulvinar 



is the lateral zone of Wernicke. The external medullary lamina and the zone 
of Wernicke arc separated from the internal capsule by the reticular zone. 

Figure 390 was drawn from a horizontal section passing through the highest 
part of the interventricular foramen, and through the internal capsule a short 
distance higher than the preceding section. In this as in the preceding section 
the lentiform nucleus is coextensive with the insula, from which it is sepaiatcd 
bv the external capsule and the clauslrum. 1 lie internal capsule has the saint 
appearance as in the preceding section. In the thalamus one sees, in addition 
to the pulvinar, the medial, lateral, and anterior parts. The latter is situated 
at the anterior end ot the thalamus near its dorsal (supciioi) suituc( vtdgtd 
in between the medial and lateral parts. The lateral zone of Wernicke is con¬ 
tinuous with the stratum zonale, which v covers the lateral surface ot the 
pulvinar, and with the external medullary lamina. 'Flic reticular zone forms a 
thin plate of gray matter upon the medial surface of the internal capsule lrom 
near the genu to the posterior extremity of its retrolenticular portion. 
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Fiona-; S‘)0. Seel ion through the basal ganglia and internal capsule in a horizontal plane through 

the interventricular foramen. (Redrawn Iront Dcjerine.) 

Frontal sections through the cerebrum, stained by l lie l'al-Weigerl method, 
have been reproduced trom Jelgersma s alias. 1 hose illustrations will be found 
useful in the study of gross sections through the cerebral hemisphere as well 
as in the study of stained preparations. Before the sections were made the 
brain stem had been cut away through the rostral (Mid of the mesencephalon. 

Figure .‘>91 represents a frontal section of the cerebral hemisphere passing 
I/trout //1 the tjenu of the corpus callosum. I he transversely directed fibers ot 
the genn extend lalerward into the radiation of the corpus callosum, which here 
is split into two parts that diverge to form the roof and floor ot the anterior 
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liorn of the lateral ventriele. A little further roslrally these two limbs approach 
c <h h othei and meet where the eallosal fibers enclose the end of the ventricle. 

In the lutcia 1 wall ot the ventriele is the head ot the caudate nucleus which 
contains nc.ni its hiteial maigin some transversely cut bundles ot fibers belonging 
to the anterior limb of the internal capsule. Laterally these bundles rest against 
the corona radiata. In the plane of this section and in others slightly more 
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Figure 391. From Atlas Anatomieum Cerebri ITumani. bv Prut. Dr. (■ Jelycrsina. Published by 

Messrs. Seheltema & llolkema: N. V. Amsterdam, Holland. 

Iiosterior, the horizontally coursing fiber bundles ot the anterior limb ot the 
internal capsule, which in Fig. M91 separate the caudate nucleus from the 
putamen, become incorporated in that portion of the corona radiata winch is 
directed forward into the frontal IoIk-. Tbc horizontal section represented in 
Fi„ ;;s? illustrates how the anterior limb of the internal capsule, compose,! 
oMiorizonlallv coursing fibers, merges will, the corona radiata rostral to the 
lentiform nueleus. A comparison of these two sections ent ... planes approx,- 
nialelv at right angles to each other makes it evident that that iepies,nU,l 
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in Fig. 891 passes through 11 1 <* head of the caudate nucleus and the corona 
rndiala rostral to the Icnliforin nucleus. 

The subependymal (/ray mat lev, which forms a fairly thick layer covering 
the anterior end of the lateral ventricle and separates the ependyma from the 
radiation of the corpus callosum, is reduced in amount at the level of this 
section. But it is continued toward llie occiput in this and succeeding sections 
as a column of gray matter along the dorsal border of the caudate nucleus. It 
is deeply stained in Weigcrl preparations because it contains large numbers 
of myelinated fibers, many of which are derived from the fasciculus occipito¬ 
frontalis superior (Fas. oceipilo. sup.) which lies just lateral to it. 

In the isolated tip of the temporal lobe is seen the superior temporal gyrus 
(Sup. T.). Above the level of the lateral fissure (hat.), the inferior frontal 
gyrus (Inf. F.) is subdivided into the triangular (Inf. F. Tri.) and orbital 
portions (Inf. F. Orb.). 

Figure 892 represents a frontal section of the cerebral hemisphere cutting 
through the rostrum of the corpus callosum. The transversely directed fibers 
of the rostrum turn ventrally into the while matter overlying the orbital gyri. 
Between the rostrum and the body or trunk of the corpus callosum is stretched 
the septum pellueidum, one lamina of which has been largely torn away in this 
section. The radiation formed within the white center of the hemisphere by the 
transversely directed fibers of the corpus callosum intersects the corona radiata, 
the fibers of the two systems crossing and to some extent mingling, f lic corpus 
callosum can be followed back through the series of sections to the splenium 
in Fig. 402. 

The head of the caudate nucleus is larger than in the preceding section and 
if is incompletely separated from the putamen by transversely cut bundles of 
fibers belonging to the anterior limb of the internal capsule. In this section the 
putamen rests upon the external capsule, which along with the elaustrum 
separates it from the orbital gyri and the orbital portion of the inferior frontal 
gyrus. Between the plane of this section and the next the putamen and caudate 
nucleus fuse together beneath the anterior limb of the internal capsule and the 
combined nuclei come into contact with the anterior perforated substance 
(Figs. 92, 220). 

As the anterior limb oj the internal capsule is followed backward through 
the sections it becomes thicker (Figs. 898-895). It intervenes between the 
caudate and Icnliforin nuclei and consists of fibers which are directed forward 
and upward (Fig. M2). The lowest bundles are cut transversely in Fig. 892 and 
enter the corona radiata in Fig. 891. The remaining bundles are directed 
obliquely upward into the corona. The lenlienlolhalamic part of the posterior limb 
(Figs. 890—897) intervenes between the thalamus and Icnliforin nucleus and 
appears as a direct continuation of the basis pcduncnli (Fig. 898). It is composed 
of fibers which course nearly vertically upward (Fig. 82). 'The retrolenl icular 
part is molded upon the posterior part of the thalamus and its fibers are directed 
toward the occiput and somewhat laterad into the occipital portion of the 
corona radiata (Figs. 82, 400, 401). 'The sublent icular part of the posterior limb 
of the internal capsule is directed lateral ward into the temporal lobe ventral to 
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tiic posteiioi end of the Icntiform nucleus (1 isjjs. *2 ‘2 S, ,‘>98). It helps lo form the 
roof of the inferior horn of the lateral ventricle. 

1 lie section represented in I"ig. .‘>1)8 passes throuyh the (interior commis¬ 
sure, where this crosses the midlinc and extends laterad beneath to the anterior 
limb of the internal capsule (Figs. 32, ^29) and between the lentifonn nucleus 
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Figure 392. From Jelgersma. 


and the substantia perforata anterior. As it passes under the internal capsule 
it is bent somewhat downward. It then curves slightly toward the occiput as 
it passes under the lentifonn nucleus and is directed into the while matter of 
the temporal lobe (Kiss. 384. 394-39(1).' In man the portion of the anterior 
commissure which unites the two olfactory bulbs is very inconspicuous and is 

not shown in this series ol photographs. 

The columns of the jornix are embedded in the ventral margins ol the 

septal laminae (Fig. 393). From this position the fornix can be follow.it first 
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dorsally nml tlien toward the occiput in;iinlaining the same relation to the 
septum pclliieidum (Figs. 090-099). It is scparat(’(I from the thalamus by the 
interventricular foramen (Fig. .‘>95) and the chorioidal fissure (Figs. *242, 390- 
999). d'he sections show clearly that the body of the fornix is composed of two 
lateral halves, which are continuous rostrally with the columns and toward 
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Figure 393. From .K'lgersma. 


the occiput with the crura, which in turn are continuous with the fimbria of 
the fornix. Each lateral half has at first a somewhat rounded outline but becomes 
progressively more triangular as it is followed toward its junction with the 
crus. The crura and hippocampal commissure are not shown in this scries of 
plates since they are present in the sections between those represented by 
Figs. 401 and 40 c 2. In Fig. <242 the crus can be traced into the fimbria which 
lies along the dorsomedial side of the hippocampus (Figs. 399, 401). Fhe fimbria 
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is continuous laterally with the alveus of the hippocampus and is bent sharply 
on itself so that its free margin, to which the chorioidal plexus is attached, is 
also directed laterally (Mg. 400). 1 he chorioid fissure is closed 1 »y the chorioid 
plexus which is attached on the one hand to the 1 fimbria of the hippocampus 
and on the other to the stria tcrmmalis in the roof of the inferior horn of 
tile lateral ventricle. 

1 he rostral margin of the optic chiasina is included in tin* section repre¬ 
sented in Fig. 95)9 as is also the lamina terminalis. The part of the third 
ventricle included in this and the next figure lies between the optic chiasina 
and t he* anterior commissure and represents tin* nnevaginated part of the 
original telencephalie cavity. From the lateral margin of the chiasina the optic 
tract can be traced laterally and toward the occiput in the sulcus forming the 
lateral boundary of the hypothalamus (Fig. 95)5) and then along the side of the 
upper end of the basis pcdunculi to the lateral geniculate body (Figs. 95)0—400). 

Figure .494 represents a section which passes through the optic chiasina and 
the posterior border of the anterior commissure. The caudate nucleus lies on 
the medial side of the internal capsule in the angle formed by the intersection 
of the corona radiata and the radiation of the corpus callosum, from which 
intersection it is separated by the fasciculus occipitofrontalis superior and tin* 
subependymal gray matter. Tile head of the nucleus enters into the formation 
of the lateral wall and floor of the anterior horn ol the lateral ventricle (Mgs. 
•50, 991-995). It decreases rapidly in size as it is followed toward the occiput 
and becomes drawn out into a long slender curved tail, which tonus the lateral 
part of the sloping floor of the central part ol the lateral ventricle (Pigs. 990- 
401) and curves downward into the root ot the interior horn (Mgs. 400—101). 
Here it becomes so small that it cannot be distinguished m some ot the photo¬ 
graphs (Figs. 99S-999), but, nevertheless, it is continued forward in the roof 
of (he ventricle to become continuous with the amygdaloid nucleus (Mgs. 
95)9-95)5). 

The amygdaloid nucleus lies upon the dorsal surface of the uncus (Figs. 
999-95)5). forms the roof of the anterior extremity of the inferior horn of the 
lateral ventricle (Fig. 95)5). and extends some little distance in the roof toward 

the occiput gradually decreasing in size (Fig. 95)0). 

In frontal sections the Icndjorm nucleus has a triangular outline and is 
differentiated into an outer portion, the putnmen. and an inner part, the globus 
pallidus. The globus pallidas is divided into two segments by an internal 
medullarv lamina and is separated from the putamen by the external me. 


lary lamina (Figs. 95)4-95)7). The dorsomedial boundary ot the lentilorm nucleus 
is formed bv the internal capsule and its ventral surface rests on the anterior 
commissure (Figs. 9i)9-.9i)5). the ansa lent ieularis (Fig. 95)5) and the roof of 
the inferior born of the lateral ventricle (Figs. .95)0-95)8). The putamen is much 
lnro-er than the globus pallidns. It extends^ a massive structure farther iorwar.l 
.Fig. 95h>) and as a thin and broken plate it spreads out toward the occiput 
(Fig. 95)5)). The putamen is separated from the clauslrum by the external 

The chMtrum is a thin plate of gray matter mlcrvonm- h-twoen the 
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external capsule and l lie white mailer subjacent to I lie insular gyri. Its extent 
Irom before backward and from above downward corresponds with that of the 
pulamen. 

Figure 895 reproduces a frontal section through the cerebral hemisphere 
in a plane passing through the anterior end oj the thalamus. The insula lies at 
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Figuke 301. From Jcl^ersma. 


I he bottom ol the lateral fissure and is closely related to the putamen from 
which it is separated by the clausl rum and external capsule. The frontal, 
temporal, and parietal lobes project farther lalerajward, forming the boundaries 
ol the lateral fissure and overhanging the insula. The overhanging portions 
of these lobes form the opercula which have been cut away in Fig. 48. The 
temporal operculum (T igs 898—897) is separated by the deep lateral fissure from 
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the fi on Lai operculum (k igs. .‘>913, 891) and from the parietal operculum (Figs. 
o95—o99). At its bottom this fissure* spreads out like a saucer, separating the 
opeicula tlorn the insula, and becomes continuous around the margins ol the 
insula with the circular sulcus. 
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Florae. 30.>. From Jclj>orsma. 


'I'lic upper surface of Ihe temporal lohe also lies buried in the lateral 
fissure hill can lie exposed along with llie ihsula l).v <1 issoclini£ away the frontal and 
parietal lobes (Fig. 52). Upon this surface there can then be seen the anterior 
transverse temporal gyrus. It is continuous with the auditory receptive cortex 
at the junction of the superior and lateral surfaces ol the temporal lobe (Pigs. 
25!). :i!)5) and from this point it extends obliquely backward a.ncdialward 
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Figure 30(5. From .Ie]j>crsnm. 


in lhe depth of the In local fissure ( Figs. :><)(»—.‘>09). The cortex which covers 

it forms a pari of the auditory receptive center. 

Jdgnrc “0(5 reprcsonls a frontal section of the cerebral hemisphere cut in a 
plane passing Ihrouyh the mammillary body. The dorsal lhalamns is divided 
into three parts: anterior, medial, and lateral. These subdivisions are incom¬ 
pletely' separated by an internal medullary lamina, file massa intermedia 
joins the right and loft sides together across the third ventricle. I he anterior, 
medial, and lateral subdivisions can be distinguished in Figs. 00(5, 400. 




















Sections of the Bitux 


543 


In the external medullary lamina and between this and the internal 
capsule is the lateral reticular nucleus (Figs. .‘>87. 890). The external medullary 
lamina can be followed through the series toward the occiput. In Fig. 400 its 
inferior margin is continuous with the lateral zone of Wernicke. At the anterior 
end of the thalamus libers destined for the anterior thalamic radiation or 
anterior stalk of the thalamus run forward in heavy bundles through the anterior 
end of the lateral nucleus to enter the internal capsule (F ig. 89.7). 

The hypothalamus. exclusive of the so-called pars optica hypothalami, 
lies in the interpeduncular fossa behind the optic chiasma (Fig. 81). The section 
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represenled in Fig. .‘>95 cuts 111ron^li the 1 11 1>er eineremn and tin- inluudibulum 
and that shown in Fig. :>!)(> through the niainmillary bodies. I lie column of the 
fornix Inning descended behind the anterior commissure (Fig’. 994) rims down¬ 
ward and backward through the hypothalamus (Fig. 995) to reach the lateral 
side of the mammillary body (Fig. 890). From the mammillary body the 
mammillolhalamic tract runs upward to the anterior division ol the thalamus 
(Figs. 242, 390). 

The subthalamus is interposed between the dorsal thalamus and basis 
pedunculi. Within it are included the rostral extremities of the red nucleus 
and substantia nigra (Figs. .‘>98, 899) and also the subthalamic nucleus of Lnys 
(Fig. 897) and the zona inccrla (Fig. 390). Between the two latter the fasciculus 
lenticularis runs medialward to enter the field II of Forel (Figs. 349, 390). 4 he 
fibers of this fasciculus come from the globus pallidus, passing more or less 
transversely through the internal capsule. 

The red nucleus projects upward into the subthalamus where it is sur¬ 
rounded by a thick capsule from the side of which there extends lateral ward 
the tegmental radiation (Figs. 340, 398, 399). 

Figure 397 represents a frontal section of the cerebral hemisphere passing 
through the cerebral peduncle behind the mammillary body. Descriptions of 
the structures illustrated are given in connection with the other plates of this 
series. 

Figure 398 represents a section passing through the rostral end of the 
red nucleus. The third ventricle , only one lateral half of which is represented, 
is here bounded laterally by the thalamus and ventrally by the subthalamus. 
Its membranous roof, which has been torn away, was attached along the taenia 
thalami to the stria medullaris thalami. Farther forward in a section passing 
through the mammillary body (Fig. 390) the massa intermedia forms a bridge 
of gray matter across the ventricle and joins the two lateral halves of the 
thalamus. Below it the cavity is bounded laterally by the subthalamus and 
hypothalamus. In the plane of the interventricular foramen (Fig. 395) the 
ventricle is a deep and rather narrow cleft with lateral boundaries formed 
chiefly by tin- hypothalamus. In a section passing through the optic chiasma 
and the posterior border of the anterior commissure the ventricle is bounded 
above and below by these structures and is reduced in height (Fig. 894). The 
gray matter forming its lateral wall at this point belongs to the telencephalon 
and (lifters functionally from the hypothalamus. It has been called the preoptic 
region. The cavity of the ventricle extends forward under the anterior com¬ 
missure (Fig. 898) and forms the optie recess. 

When, on the other hand, the third ventricle is followed toward the 
occiput, it becomes less deep as the striae medullarcs approach closer to the 
floor. In the plane represented by Fig. 400 the striae medullarcs are approached 
by the fasciculus rctroflexus and both enter the habenular ganglion between 
the frontal planes represented by this and the next succeeding figure. The 
caudal border of this ganglion can bo seen in Fig. 401 as can also the caudal 
border of the posterior commissure, which is separated by a fissure from the 
commissure of the superior colliculus. 
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rile trontal section represented in Fig. .499 was cut in approximately the 
same plane as Fig. 207. from one lateral half of the cerebrum after the hind¬ 
brain and much of the midbrain had been removed by a section through the 
mesencephalon. 

I he posterior end of the putamen has become a flat plate, and. as it is 
followed farther toward the occiput, it becomes broken up into a series of small 
gray islands (Figs. 400, 401). The lateral surface of the lentiform nucleus is 
covered by the external capsule, the dorsal border of which fuses with the 
internal capsule along the line where this merges with the corona radiata. 
The external and internal capsules taken together form a white investment 
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Figure 39S. From .Jclgcrsnia. 
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Fi<;rm-: 3!)J). From Jelgrrsnm. 


for the lentiform nucleus, which is incomplete on the ventral side between 
the planes represented by Figs. .‘>9:> and t>!)8. Here this nucleus is separated 
from t he* inferior horn of I he lateral ventricle by such structures as the snb- 
lcnlicnlar part of the internal capsule and stria terminalis and from the anterior 
perforated substance by the anterior commissure. 

The central sulcus and the anterior and posterior central gyri are cut 
obliquely in these frontal sections. The gyri of the temporal lobe, cut trans¬ 
versely, present a typical appearance and in order from above downward and 
medialward are the* superior, middle, and inferior temporal, fusiform, and 
hippocampal gyri (Fig. 400). Somewhat farther .interiorly the uncus is also seen. 
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It is separated from llie hippocampal gyrus l>v the rostral end of the hippo¬ 
campal fissure (Fig. of)?). Still ladlin' anteriorly the minis replaces the hippo¬ 
campal gyrus and is closely related to the amygdaloid nucleus (Fig. ,‘h)o). 

Figure 400 represents a section passing through the geniculate bodies. These 
lie ventral to the thalamus and lateral to the zone of transition between the 
midbrain and thalamus. The mediaI geniculate body is surrounded on three 
sides by the mesencephalon, thalamus, and the lateral geniculate body. Its 
ventral surface projects as a slight eminence upon the basal surface of the 
brain. The lateral geniculate body consists of a series of superimposed curved 
lamellae. It lies ventral to the retrolenlicuhir part of the internal capsule. On 
its dorsal surface is a thick curved band of deeply stained fibers, the lateral 
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Figukk 101 . From Jelgersma. 


zone of Wernicke, which is continuous dorsally and toward the occiput with the 
external medullary lamina of the thalamus (Figs. .‘>(5!), 887). It is composed 
of fibers from tin* optic nerve and of others arising in the lateral geniculate 
body and belonging to the geniculocalcarinc fasciculus. 

The fibers of the genieidocalearine fasciculus arise in the lateral geniculate 
body, curve forward and lateralward in the roof of the inferior horn of the 
lateral ventricle and, after completing their U-shaped bend, lie lateral to the 
inferior horn of the lateral ventricle in the external sagittal stratum of the 
temporal lobe (Figs. 192, 899-402). The internal and external sagittal strata 
are massive bundles of parallel anleroposteriorly directed fibers. The more 
internal of the two has been incorrectly called the optic radiation and the 
more external, which includes the geniculocalcarinc tract, is often designated 
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as the interior longitudinal faseiculns. These massive plates of horizontally 
coursing fibers lie m the lateral wall ot the inferior and posterior horns of the 
lateral ventricle. 

the section illustrated in Fig. 401 passes l/irough the central part of the 
lateral ventricle . Here the ventricle has a broad roof formed by the corpus 
callosum and a floor formed by the fornix, ehorioid plexus, thalamus, stria 
terminal is. and tail of the emulate nucleus. The roof and floor meet at an acute 
angle but farther forward a medial wall formed by the septum pellucidum is 
interposed (Figs. 89(i—898). The ehorioid plexus is attached above to the sharp 
edge of the fornix and below to the ependymal covering of the thalamus 
(lamina affixa). Tile central part of the lateral ventricle becomes continuous 
with the anterior horn just in front of the interventricular foramen. This 



Figure 4(h>. Ventral view of brain stem showing location of specific sections of the sapttal 
series. The adjacent ones can be placed from appropriate landmarks. Compare Fig. 418 for diHorent 
angle. 


foramen lies between the tormx and the anterior end ot the thalamus (1 tg. 

and behind the anterior pillars of the fornix. The anterior horn oj the 
lateral rentriele (Fists. is bounded medially by tile septum pelliicidnni 

and anterior column of the fornix and by the fibers from the genu and rostrum 
of the corpus callosum which curve around the end of the ventricle. The root 
is formed by the body or trunk of the corpus callosum and the lateral wall by 
the head of the caudate nucleus. 

Traced toward the occiput the central part of the lateral ventricle becomes 
continuous with the posterior and inferior horns at the collateral trit/one. an 
enlarged portion of the ventricle at the point where these two horns diverge 
i Fins'. 58, 402). On its medial side lies the splcninm from which the occipital 
radiation of the corpus callosum curves backward into the occipital lobe, lorm- 
i„n a prominent elevation in the medial wall of the ventricle known as the 
bulb of the posterior horn. The crus oMjic fornix is shown curving down m o 
the inferior horn and been,nine continuous will, the fimbria and alveus ol the 
hippocampus. At one point the alveus has been cut lhro„,l, exposmn a small 
part of the dorsal aspect of the hippocampus. I he roo ol the wu, ,nh 
meets the lateral wall in a broad curve and the two walls are binned In I,bus 
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from the splcnium which arch lalcralwanl and then downward forming tlie 
lapetum. d'hc calcar avis lies farther toward the occiput (Mg. 224). 

From the trigone the inferior /torn is continued downward and forward 
in the temporal lol>c (Figs. 595-401). The hippocampus, covered by the alveus 
to which the fimbria of the fornix is attached, forms the medial wall and floor 
of this part of the ventricle. The fascia dcntala intervenes between the hippo¬ 
campal fissure and the line of attachment of the fimbria. In the lateral wall of 
the posterior part of the inferior horn the internal and external sagittal strata 
arc seen lateral to the tapetnm (Fig. 401). Farther anteriorly the roof of the 
inferior horn is formed by the sublent ieular part of the internal capsule (Fig. 


Fornix Massa intermedia 



l'i<a wo 103. This section is taken almost in the midsagittnl plane, as indicated by the open 
cerebral a<pie<lnel, the continuation of tin* central gray substance down the spinal cord, the split 
basilar artery, the inlundibnlar stalk of the hypophysis, and the pineal body. In the anterior medullary 
velum the dark fibers of the decussating trochlear nerves are seen and can be traced in successive 
sections. 


599). The tail of the caudate nucleus accompanied by the stria tcrminalis runs 
forward in tin* roof of the inferior horn (Fig. 401). It becomes continuous with 
the amygdaloid body which lies in the roof of the rostral end of this part of the 
veillrich* ( Figs. .‘>95, 59(>). 

Sagittal Sections through the Brain Stem. Figures 405-417 are photographs 
of a series of parasagittal sections of human brain stem stained bv the Pal- 
Weigerl method. In each the dorsal half of the cerebellum and the cerebrum 
above the corpus callosum, as well as a part of the body of the latter, were 
trimmed away. Most structures are readily identified by comparison with their 
appearance in transverse sections. The descriptions are not meant to be 
complete, but may aid in orientation. 
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Fornix Thalamus 



Figi re 40 F This is near hut not in tlie midline. \ little of the side* ol the eerehral aqueduct 
shows as an oval space beneath the lamina quadri^cmina and is surrounded hv the substantia tfrisca 
centralis. The third ventricle appears larjic with the inassa intermedia crossing it. I he dark crescent 
dorsal to the latter is the stria medullaris. Internal arcuate fibers may be seen running ventralward 
from the region of nucleus gracilis. A portion o! the ventral column ol jiray mattei ol the spinal 
cord, and dorsal column, are present caudal to the pyramid. 
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Figure 40G. This is far enough from the midline to miss the septum pcllucidum and open the 
lateral ventricle. The red nucleus is conspicuous. C ranial nerves III and I\ are visible, the latter 
decussating in the anterior medullary velum. The pyramidal fibers are shown in continuity with 
the longitudinal fibers of the pons. The fibers of the traclus soiitarius curve gently toward the 
midline as they course caudalward from their entry in nerves \ II. IX. and X, and so the tract 
appears as an oval bundle in this section with the lighter staining nucleus about it. 
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Figure 407. The section is far enough from the midline to include the facial colliculus, showing 
I he abduccns nucleus and the lacial nerve rostral to il as it curves about the nucleus. Internal arcuate 
fibers are conspicuously seen streaming Iron) gracilis and euncale nuclei, the longitudinal fibers ol 
I lie pons arc seen continuous with the pyramid. I lie thalamus shows subdivision into medial and 
anterior parts. The margin of the braehinm conjunct - !vmn is seen leaving the cerebellum and plunging 
towards its - decussation. 
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Figl t kk 408 . In this section the course of the hraehium eonjunetivnm is shown. Flic third nerve 
is visible ami only the edge of the pyramid is seen. The inferior olivary nucleus is out through its 
longest diameter. 
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,,„l of llic inferior olivary nucleus. Tl.c opt.e elnusma appears la,*. as 
from it. 
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Figure 410. In this section the nuclei of the cerebellum are shown, and the lateral lemniscus, 
with the spinothalamic tracts, is conspicuous just caudal to the inferior colliculus. The basis 
pedunculi is partly shown, with the substantia nigra dorsal to it. 
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Figure III. Conspicuous in this section is I lie resliforni body forming largely from olivocere¬ 
bellar fibers. The medial lemniscus is seen ascending toward the ventral part of the thalamus. .Just 
above the red nucleus the clear area is the arcuate nucleus and above that the centrum medianmn (or 
central nucleus), which may he followed in the next four illustrations. 
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FlfirRB tF2. Divisions of the llnilamus show well in lliis section. as does lho substantia nij>ra, 
Dio <*,ii(|(> line for which as it leaves the brain stem crosses the inferior quadrigeminal braclnum carry - 
ino- fibers of the amlitorv path past the inferior colliculus to the medial geniculate body seen m more 
lateral sections. Within the lateral \enlriele near tin* anterior commissure is seen the edge ol the 
emulate nucleus. The optic nerve and tract are shown as the section is lateral to the cluasma. 



Condole nucleus 

1 ntcrior commissure 

Subthalamic nucleus 

Op'ic tract 
Optic nerve 

A 7 - 111 Cerebral 

peduncle 


Brachium of superior colliculus 
Brachium of inferior colliculus 


Dentate nucleus 
Nucleus X VII 7. 

cochlear 


N. XII N. XI 


Figure 413. The head of the caudate 
nerve arc well separated. I he hraehia ol 


nucleus lias been cut in this 
the two colliculi arc shown 


section: the optic tract and 
and the rcstiform body is 


conspicuous. 
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Brachium of inferior collie nine 


Dentate nucleus 

Cochlear nucleus 
Chnrioid plexus 
in lateral aperture 


Caudate imclcns 


Internal capsnle 

Pnlamcn 
Optic trad 

Cerebral peduncle 


N. XTI 


Figure 4 U . In this section the internal capsule and its relations to emulate 
are displayed. J he mass of thalamic nuclei show subdivisions in this ant 


nucleus and thalamus 
the next section. 
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Figure 


Ha. 'I he basis pedunculi has been nil through in this section 
to it; the lentiform nucleus is shown fused with the head of 


and the optic nerve lies close 
the caudate nucleus. 
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Optic tract 
Hippocampus 

.1 1 iddh cerebellar ped. I A u. IX X 

X. 1777 


Lateral ventricle 
Caudate nucleus 


Dentate nucleus 


Fifirnrc 410 . In this section relationship of the internal capsule. basal ganglia. and thalamus is 
well shown. The optic tract lies ventral to the basis pedmiculi and the medial geniculate body 
just dorsal to it below the pnlvinar. 



Caudate nucleus 
Internal capsule 


Pula men 


Globus pall id us 
Internal capsule 

Optic tract 

Hippocampus 


Thalamus 

Lateral geniculate body 


Nn. VIr & VIII 

Firmr 417 In this section the optic liael has completed its <onisc aionnd lli 

. ib!,;:.. tin-.. ... -fiv .. 

l.-nlirorm un,l,ns is ..»ly U,r«... Th, .''V ■ > 

tract and cerebellum. Compare with hgnres ol gross brains (1^ • 


basis peduneidi 
displayed. The 
between optic 


Axato.mv ok tiik Xkkvoks Sy.stk.m 




FicritE 418. OI>li(|iie view of brainstem showing landmarks for use with sagittal sections. The dark 
band on the side is the column of nuclei belonging to the trigeminal nerve. 
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Figure 422. Lateral view of brain stem of the sheep. 
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Figure 423. Dorsal view of brain stem ot sheep. 









Sections of the Brain 


.54] 


Fissura prima 


Lobttlus ansi for mis 


Lobulus paramedianus 



' Lobus anterior 
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Figure b24. Cerebellum of the sheep, dorsorostral view. 
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Figure l>2a. Cerebellum of the sheep, lateral view. 
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Fiona; P2(i. Cerebellum of the sheep, caudal view. 
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Dissection of the rostral part of the sheeps brain to show the relation of the lateral 
fornix, fimbria, and hippocampus to tlx* thalamus and third ventricle. Dorsal view. 
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A Laboratory 

Outline of Neuroanatomy 


INTRODUCTION 

The study of neuroanatoniy for students approaching it for the first time, 
or at a more advanced stage, has commonly a combined objective: to learn how 
the nervous system is made up and how it functions. The objectives of stu¬ 
dents of separate disciplines and with various backgrounds for understanding 
mav differ markedly, but for each there is the obligation to create within his 
own mind an image of the essential morphology built along lines ol function. 
This involves a knowledge of the spatial arrangement of a sufficient number 
of anatomical parts with their names to allow recognition of them in the 
specimens he examines, and visualization of them when thcj aie met in 
discussion or reading. 

Once the basic anatomy is absorbed, the student has acquired the language 
of the discipline and so discussions of function and theoretical considerations 
can be more critically interpreted. While any anatomical description tends to 
go beyond the immediate basic language needs, it is obviously desirable to have 
available terms as required. The student will find that the names ot parts in 
common use are not too numerous to remember if he becomes familiar with 
the appearance and location ot the structures as he is intioduccd to them j\ 

The suggested pattern of study presented in this text is represented >y 
the sequence of chapters, which give information according to the following 

sequence: . , 

1. A description of gross morphology supported by a preliminary ground¬ 
work of comparative anatomy and embryology is torued (Chaps. 

i A study of structure and function of neurons is followed bv an ill er- 
pretation of their arrangement in the ncrvmls system, ns shown l.ral by h.stm 
gonesis, then by analysis of the location ol specific cell bodies and it <oms 

of their axons (Chaps. IV-V). , i 

3 . An analysis is made of spinal nerves, the autonomic system, the spinal 
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cord and its tracts, based upon the distribution of neuronal cell bodies and 
their long processes which form nerves and central pathways (Chaps. \ I—IX). 

4. With the patterns of the cord and its nerves as a basis of comparison 
there follows a similar study of the arrangement of neuronal groups (nuclei) 
and the course of axonal pathways in the medulla, pons and mesencephalon, 
with attention to tlie altered morphology of the hindbrain and midbrain as 
related to the specialization of the head end of the body reflected in cranial 
nerves and suprasegmental structures- such as the cerebellum and tectum 
(Chaps. X-XIV). 

5. The cerebrum is approached by a study of the arrangement of neurons 
and pathways in the diencephalon and then the central portion of hemispheres, 
including the basal ganglia, and the rhinencephalon, followed by consideration 
of the cerebral cortex (Chaps. XV-XVIII). 

(j. Information given in the above sequence is amplified and summarized 
in chapters designed to be used along with the earlier ones as needed: the 
main pathways (Chaps. XIX); reflexes (Chap. XX); clinical illustrations (Chap. 
XXI). 


7. Following the textual part is an atlas of labelled sections of the brain and 
brain stem cut in various planes and accompanied by additional description of 
structures, which is designed as an aid to study and interpretation of function 
based on morphological patterns. 

8. The laboratory outline which follows is planned so that the student 
follows generally the sequence of study outlined above. 

The following directions for the study of the gross and microscopic anatomy 
of the nervous system are intended to aid the student in making the best use of 
his time and laboratory material. 

The outline has been written in such a way that it can be readily adapted 
by the instructor to meet his own needs. It is assumed that each instructor 
will furnish his students with a schedule for the laboratory work, showing the 
number of laboratory periods available and the topics to be covered each period. 
This will help the student properly to apportion his time and enable the 
instructor to arrange the order of the laboratory work to his own liking. The 
paragraphs have been numbered serially in order that in such a schedule they 
may be referred to by number. It is not necessary that the topics be taken 
up in their numeric order. If a large amount of drawing is required some topics 
should be omitted. It is assumed that the instructor will indicate on the 
laboratory schedule the drawings which he wishes to have made. For this 
reason we have, for the most part, omitted specific directions for drawings. 

No directions have been given for the study of the sheep brain because 
not all laboratories employ this material and because the way in which it is 
used varies greatly in the different laboratories. The brain of the sheep may 
be used to supplement human material. A preliminary dissection of the sheep's 
brain prepares the student to make the best use of the human brain at his 
disposal. The parts composing the rhinencephalon can be seen more easily in 
the brain of a macrosomatic animal than in man where they are rudimentary. 
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METHODS OF BRAIN DISSECTION 

Much information concerning the gray masses and fiber tracts of the brain 
can be obtained by dissection. 1 his should be carried out, for the most pari, 
with blunt instruments. It is rarely necessary to make a cut with a knife. An 
orangewood manicure stick makes an excellent instrument. It should be rounded 
to a point at one end for teasing, while the larger end should be adapted for 
scraping away nuclear masses. A pair of blunt tissue forceps of medium size 
with smooth even edges and fine transverse interlocking ridges is also an essential 
instrument. This is useful in grasping and stripping away small bundles of fibers. 
In dissecting a fiber tract it is necessary to have in mind a clear idea of the 
position and course of the tract, and the dissecting instruments should be 
carried in the direction of the fibers. Where it is necessary to remove nuclear 
material in order to display fiber bundles, it will be found very helpful to 
let a stream of water run over the specimen while the dissection is in progress. 

DISSECTION OF THE HEAD OF THE DOGFISH 

1. The dogfish is the smallest of the sharks. Either the spiny dogfish 
(Scpialus acanthias) or the smooth dogfish (Mustelus canis) may be used for 
dissection. 

2. The special sense organs include the olfactory organs, the eyes, the ears, 
and certain sense organs in the skin, known as the lateral line canals, and the 
ampullae of Lorenzini. 

3. Locate the position of the lateral line canal which produces a light 
colored ridge in the skin extending from head to tail along either side of the 
bodv. The line may be recognized bv the presence of numerous small poics 
which open into the canal. It extends on to the head and tlicic hums tin 
supraorbital, infraorbital, and hyomandibular canals. I he ampullae of Lorni- 
zini are bulb-shaped bodies connected by long canals with pores in the skin. 
They are irregularly arranged and arc most numerous on the snout. 

4. Locate the olfactory organ or nasal capsules which have their openings 

on the ventral surface of the snout in front of the mouth. 

5. Note the gills and the spiracles (Fig. 11). Find two minute apertures 
near the midline between the spiracles. These are the openings in the endolym¬ 
phatic ducts. 

(k The internal car , a membranous labyrinth enclosed in a cartilaginous 
capsule, should he exposed oil llie left side. Shave off the cartilage in Ihin 
slices in the region between the spiracle and the median plane. 'I he membranous 
labyrinth can be seen through the translucent cartilage, and care should lie 
exercised to avoid injuring il while the cartilage is being removed. It consists 
of a spheric sac, the utriculosaccular chamber, to which there are attached 
three semicircular canals (Fig- ■■). The rmlolymI’haUc ,/„r/ is a sniaH can., 
which extends from this chamber through Hlio roof o! the skull to the small 
opening in the skin, which has previously been identified- No e "ynaigc- 
n,onl at one end of each semicircular canal, known as the ampulla, and » « 
that each of these canals lies in a plane at right angles to the planes of lh, 

other two. 
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SOMATIC S1CNSOUV 

SOM VTIF MOTOR 

VISCKUAl. SKNSOUV 

V1KCEKA1, MOTOK 




1. Olfactory 


II. Optic- 

Ill. Muscle sense 

ill. 

To eye muscles 


III. For intrinsic muscles 
of the eye 

IV. Muscle sense 

V. (leneral cutaneous 

IV. 

To eye muscles 


V. To t lie jaw muscles 

VI. Muscle sense 

VII. Lateral line fibers 

VI. 

To eye muscles 

VII. (leneral visceral 
and gustatory’ 

NIL To hyoid muscula¬ 
ture 

VIII. To the ear 

IX. Lateral line fibers 



IX, X. (leneral visceral 
and gustatory 

IX, X. To branchial and 

general visceral nmseu- 
© 

lature 

X. Lateral line and 
general cutaneous 
fibers 






7. The Brain and Cranial Nerves. Remove the remainder of the roof of 
the skull and expose the brain, eyes, and cranial nerves. 

8. Examine the bram as seen from the dorsal surface. Note the continuity 
of the medulla oblongata with the spinal cord. Identify the cerebellum , the 
thalamus , epiphysis, habenula, cerebral hemispheres, and olfactory bulbs (log. 
7 and pp. 8-12). 

9. By dissection, display’ on the left side the eye muscles and the nerves 
which innervate them, as well as llie optic nerve (log. 11). 

10. Find the nervus termiualis (Fig. 7). Now loeate each ot the cranial 
nerves from the second to the tenth inclusive, and trace them from the biain 
as far as possible toward their peripheral terminations (Figs. 11, 481). 

11. Attention should now be paid to the functional types of nerve fibers 
which compose each of the cranial nerves (see pp. 287-241 and Fig. 178). I he 
accompanying table shows in which ol the cranial nerves of the dogfish each 
of the four principal functional groups of fibers are to be found (Herrick and 
Crosby, 1918). 

12. Then* are six pairs of cranial nerves associated with the medulla 
oblongata. The tenth cranial or vagus nerve is one ot the largest and arises by 
two series of roots. One group of rootlets springs from the dorsolateral aspect 
of the medulla oblongata near its lower end, and contains fibers which aie 
distributed through the branchial and gastrointestinal rami ot the vagus, while 
a large root, carrying fibers lor tin* lalcrial line sense organs, runs faithei 
cephalad and enters the acoustieolalcral area. The ninth or glossopharyngeal 
nerve, the nerve ol the first branchial arch, arises from tin* medulla oblongata 
just ventral to this root ol the vagus. Since the gills, as well as the gastro¬ 
intestinal tract, are visceral organs, both the ninth and tenth nerves carry many 
visceral fibers. The eighth or acoustic nerve arises from the side of tin' medulla 
opposite the caudal part of the cerebellum in company with the fifth and 
seventh nerves, and ends m the membranous labyrinth ol the ear. lake the 
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vagus, the facial or seventh eranial nerve lias, in addition to its main root, 
another, wliieh runs further dorsally into the aeonstieolateral area. This root 
carries sensory fillers tor the lateral line organs of the head. 'The sixth or 
abduccns nerve arises more ventrally at the same level as the eighth. The fifth 
or trigeminal nerve, which sends many branches to the skin of the head, is 
represented by a large root (‘merging from the medulla oblongata in company 
with the seventh. Some idea of the peripheral distribution of these nerves can 
be gained from a study of Figs. 11 and 431. 
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13. The floor of the fourth rent ride should now be exposed by earefiillv 
tearing awnv Ihe membranous roof of that cavilv. 1 he floor presents for 
examination a series of longitudinal ridges and furrows which are of importance 
because they mark the position of longitudinal columns (Figs. 8, 10), to each 
of which a special function can be assigned. A ridge on either side of the mid- 
line represents the position of the median longitudinal bundle, beneath which 
lie the nuclei of the third, fourth, and sixth cranial nerves. Since these nerves 
supply somatic musculature, the longitudinal elevation marks the position of 
the somatic motor column. Separated from this ridge by a broad furrow is a 
more prominent ridge with tooth-like sccondaiN clr^a 

ridge terminate the fibers of visceral sensation and taste from the seventh, 
ninth, and tenth nerves. It is known as the visceral lobe or visceral sensory 
column. Beneath the groove which separates these two ridges are located the 
motor nuclei of the fifth, seventh, ninth, and tenth cranial nerves. Those nuclei 
supply visceral musculature and constitute the visceral motor column. 1 he 
dorsal part of the lateral wall of the fossa forms another prominent ridge just 
caudal to the cerebellum, which is redundant and folded on itself to form an 
ear-shaped projection. This auricular fold, sometimes called the lobus lineae 
lateralis, and the prominent margin just caudal to it belong to the acoustico¬ 
lateral area and contain the centers for the reception of impulses coming from 
the ear (N. VIII) and from the sense organs of the lateral line (Nn. VII and 
X). Adjacent to the acousticolateral area is a portion of the medulla oblongata 
which is concerned with the reception of sensory impulses from the skin which 
reach the medulla oblongata along the fifth and tenth nerves. The nuclei of the 
acousticolateral and general cutaneous areas together constitute the somatic 
afferent column. 

14. Locate these functional columns on your specimen. Note the close 
relation of the olfactory bulb to the nasal sac. By comparison with Fig. 431 
locate on your specimen the olfactory portions of the brain. What part of the 
brain is especially associated with the eyes? 

15. Cut the nerve roots at some distance from the brain. Remove the 
brain, being careful not to injure the olfactory bulbs. Now study the lateral 
and ventral surfaces of the brain in order to locate more accurately the points 
of origin of the various cranial nerves (Fig. 9). 

l(j. Now study the parts of the brain which belong to the rhombencephalon. 
Which parts are they, and what is their relationship to each other? (Figs. 7-9 
and p. 8). 

17. Study the parts of the brain which belong to the mesencephalon. Which 
are they, and what relationship do they bear to each other? (Figs. 9, 11 and 
]). 10 ). 

18. In the same way study the parts belonging to the diencephalon (Figs. 
9, 11 and pp. 10-11). Make a list of these parts, bear away the membranous 
roof of the third ventricle and examine that cavity. 

19. Note the external form of the telencephalon and the parts which com¬ 
pose it (Figs. 7, 9). Students working at adjacent tables should cooperate in 
the work which follows in order that two sharks' brains may be available. 
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Aitli a sharp razor blade divide one in the medial sagittal plane, and 
sharp scalpel open up the ventrieles in the other as indicated in Fig. 8. Study 

the ventricles ol the brain as they arc displayed in these preparations and in 
Figs. 8 and 10. 

20. Find the velum transrersum and the ridge produced by the optic 
chiasm a. All that part of the brain which lies rostral to these structures belongs 
to the telencephalon. Study the telencephalon in detail (Figs. 7—10 and p. 11). 
Of what parts is it composed, and what are their relations to each other? Pav 
special attention to the several parts of the telencephalie cavity. 

THE BRAIN OF THE FETAL PIG 

21. Using a pig embryo of about 35 nun., slice off the skin and a small 
amount oi the underlying tissue on cither side of the head with a sharp razor. 

1 hen at one careful stroke split the specimen lengthwise in the median plane. 

1 his provides two preparations tor dissection, which should be used by two 
students. 

22. First study the medial section oj the brain , noting the five divisions 
of the brain, the ventricles, and the relation of the cerebral hemispheres to 
other parts of the brain (Fig. 432, A. See also Figs. 1(5. 17 and pp. 12-18). Of 
what three parts is the cerebral hemisphere composed? Locate each of the 
subdivisions of the diencephalon. To which part does the pineal body belong? 
The hyj )() ph ysis? Locate the quadrigeminal lamina, cerebral peduncle, cere¬ 
bellum , and medulla oblongata. 

23. Now turn the specimen over and carefully dissect away what remains 
of the skin and mesodermal tissues so as to expose the brain and cranial 
nerves from the lateral side. Identify all the parts labeled in Fig. 432, B. 

GENERAL TOPOGRAPHY OF THE BRAIN 

24. The adult mammalian brain should now be compared with that of the 
shark and with that of the fetal pig. Since it is not desirable to cut at this 
time the human brains which will be studied later in the course, there should 
be available in addition to whole brains others which have been cut in the 
median sagittal planet For this preliminary study the brains of sheep, dogs, or 
cals are as useful as human brains and they can be studied with the aid of 
Figs. 403-405. Identify all of the chief divisions of the brain, determine their 
cmbryologic derivation, and compare them with similar parts in the brains 
of the shark and fetal pig. (See the table on p. 17. pp. 8-18. and Figs. 28-30.) 

25. By a study of the medial aspect of the half brain ascertain what 
relations the various subdivisions bear to each other. (See Fig. 30 and pp. 29- 
34). Note the difference in color between the cortex and the white center of the 
cerebellum. Scrape away the superficial gray matter from the rostral end of the 
one cerebral hemisphere and uncover the^white substance beneath. The super¬ 
ficial gray matter is known as the cerebral cortex. 

NEUROLOGIC STAINS 

Some knowledge of how various stains act on the nervous tissues is essential 
for an understanding of the special preparations which are to be studied. The 
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Cerebral aqueduct 

Lamina quadrigemina 
Cerebral peduncle 
Cerebellum 

Chorioid plexus of fourth ventricle 
Fourth ventricle 


Medulla oblongata 


Central canal of spinal 
cord 



Pineal body 


Third ventricle 

Hypothalamus 

Thalamus 

Chorioid plexus of lateral 
ventricle 

Lateral ventricle 
Corpus striatum 

Lamina terminalis 

Rhincnccphalon 

Hypophysis 

Tongue 


A 



Chorda tympani 
facial N. 


Semilunar ganglion N. V 
M escnccphalon 

Cerebellum 


Hypothalamus 

Cerebral hemisphere 


N. V, ophthalmic N. 

Rhincnccphalon 
A. opticus 

N. V , maxillary N. 
X. V, mandibular N. 


Geniculate gang. N. VII 
Ganglion N. VIII 

Medulla oblongata 
Jugular gang. N. X 
Gang, of Froriep 
Gang. N. ccrv. I 

Accessory nerve 
Hypoglossal nerve 

Ganglion nodosum N. X 


Gang. N. ccrv. V 


B 

Fm.tkk UFi. Brain of a .‘J.i-inm. pijr embryo as shown by a medial sa^itlal section of the head (/l) 
and by a lateral dissection of the head (H). (Redrawn from Rrentiss-Arey.) 


technique involved tit preparin'* such material is described in books devoted 
to technical methods. 

o(>. Ostuic Acid. Small nerves may be fixed in osmic acid. This stains the 
myelin sheaths black. Why? Axons remain unstained. 

07. Tlic Wc'ujcri or Pal-Wnyeri Method. When a portion of the brain or 
spinal cord has been treated lor several weeks with a solution containing 
potassium bichromate (Midlers fluid) the myelin sheaths acquire a special 
affinity for hematoxylin, by virtue of which they become deep bine in color 
when stained bv this method. Axons, nerve cells, and all other tissue elements 
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remain colorless unless the preparation has been counterstained. The method 
is adapted tor the study ot the developnienl and extent of myelinatiou and for 
tracing' myelinated fiber tracts. This method may also be used for a study of 
degenerated fiber tracts, which remain colorless in preparations in which the* 
normal fiber tracts are well stained. Weil s method also stains myelin sheaths 
blue. I he preparations are very similar to those made by the Weigcrl method. 

l 28. I he Marc/n method is a differential stain for degenerating fibers. These 
contain droplets of chemically altered myelin. The tissue is fixed in a solution 
containing potassium bichromate (Midlers fluid). This treatment prevents the 
normal myelinated fibers from staining with osmic acid, but does not prevent 
the droplets of chemically altered myelin in the degenerated fiber from being 
stained black by this reagent. In a section prepared bv this method the normal 
myelinated fibers are light yellow, while the degenerated fibers are represented 
by rows of black dots. 

29. The silver stains , including the Bodiaiv Cajab liasmussen, and Daven¬ 
port method s and the pijrubue-sdver technique ot Rauson depend upon the 
special affinity for silver possessed by nerve cells and their processes. After 
treatment with silver the tissue is transferred to a solution of pyrogallie acid 
or hydrocpiinone which reduces the silver in the neurons. Nerve cells and their 
processes are stained yellow, brown, or black by these methods. Myelin sheaths 
remain unstained. The neurofibrils are stained somewhat more darkly than 
other parts of the cytoplasm. The Xauta teehnicpie stains degenerating 
terminals more darkly than normal fibers. 

,‘>(). The Golgi method furnishes preparations which demonstrate the 
external form of the neurons, and make it possible 1 to trace individual axons 
and dendrite's for cemsiderabh' distances. 1 lie me'lhod also stains nemroglia. 
It is selective and rather uncertain in its results, since only a small proportion 
of the nerve cells are' impregnated in any preparation. The stain is due to the 
impregnation of the* nerve cells and their processes with silver. 

81. The best stains for demonstrating the tigroid masses or Nissl bodies 
are toluidine blue . eresijl violet . and Sissl's methylene blue . These are basic 
dye's, and in properly fixed nervous tissue' they color the* tigroid masses as well 
as the nuclear chromatin of nerve cedis blue. Additional staining methods are 
available which act also as mieroehemieal tests. The Prussian blue method 
reveals iron, the Feulgen methoel thymemueleic acid. By examination of the 
tissue's in specific wave lengths of ultraviolet light, a distinction may be' made 
between structures containing substances of different chemical cemiposition 
(e.g. ribe.se and desoxyribose nucleic acid). This latter method is termed 

microspectropholomctry. 

Further chemical examination of small portions of cells is possible by the 
freezing-drying' mellnnl with ji pplioalion of eliemienl tests to the ashed rcnmanls 
of a 'microscopic section after incineration im the prepared slide. 

the peripheral nervous system 

go Spinal Series. Study transverse sections of a cutaneous nerve stained 
with osmic acid and by the pyridine-silver method (see p. Ititi and l'ig. IU(i). 
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88. Sludv transverse sections of the ventral and dorsal roots of a spinal 
nerve stained with osmie acid and by the pyridine-silver method (see p. 184 
and Fig. 107). 

.‘>4. Spinal Ganglia. Study a longitudinal section of a spinal ganglion stained 
by the pyridine-silver method. The cells of the spinal ganglion and their axons 
have been described on pages 135—107 (Fig. 108). Observe the glomeruli at the 
beginning of the axons, and the nucleated capsules surrounding the cells and 
glomeruli. Myelinated axons are stained yellow and unmyelinated axons black 
by this method. Trace the unmyelinated axons of the small cells and the 
myelinated axons of the large cells toward the central fiber bundle of the 


ganglion. As these fibers enter 

A mvclinated fiber bifurcates at 
«> 


this central bundle look for their bifurcation, 
a node of Ranvier where the axon is constricted, 



Figure 433. From seclions of the vagus nerve of the dog: A. Below Lite level of the nodose 
ganglion, pyridine-silver stain; B, at the level of the esophageal plexus, osmie acid: C, at the level ot 
the esophageal plexus, pyridine-silver stain. 


but there is a slight triangular expansion at the point of bifurcation of an 
unmyelinated axon. 

85. Study a section of a spinal ganglion stained with toluidine blue or 
cresvl violet. Note the variation in size of these ganglion cells. Flic arrangement 
of Nissl granules in the most numerous type of large cells is shown in Fig. 8 C 2, B. 
and in common types of small cells in Fig. 8 C 2, D and E. Nuclei associated with 
the capsules surrounding the ganglion cells are shown in Fig. 8 t 2, G. 

80. The Cranial Nerves. These differ in structure depending on the types 
of fibers they contain. The olfactory nerves are unmyelinated. The majority of 
the fibers in the vagus are unmyelinated and this holds particularly true for 
the terminal portions of the nerve on the esophagus and stomach. The pharyn¬ 
geal and superior laryngeal branches receive most of the large and medium 
sized fibers of the vagus so that below tin* level of the nodose ganglion it con¬ 
tains many more unmyelinated than myelinated fibers. These are represented 
by black dots in Fig. 488, A. The few large fibers that are present below the 
level of the nodose ganglion are given off in the recurrent laryngeal nerve, and 
most of the remaining small and medium sized myelinated fibers are given off 
to the pulmonary plexuses. At the level of the esophageal plexus the vagus con¬ 
tains a very few fine myelinated fibers (Fig. 488, B) and enormous numbers of 
unmyelinated axons (black dots in Fig. 48.8, C). Many of them are sensory 
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fibers arising from cells in llie nodose ganglion. Olliers are preganglionic visceral 
efferent fibers which have either lost their shealhs during their course down 
the vagus or have come all the way from the medulla as unmyelinated fibers. 
Study cross-sections of the vagus nerve cut below the level of the nodose 
ganglion and at the level of the eso ph ageal plexus. In the dog the vagus and the 
cervical sympathetic trunk run parallel in the neck and are enclosed in a 
common sheath. If a section of this vagosympathetic trunk, stained with osmic 
acid, is available for study, the vagus can be differentiated because its mye¬ 
linated fibers vary in size, while those in the sympathetic trunk are all small 
and are more closely packed together. 

87. The Sympathetic Xcrrou.s System. The structure of sympathetic nerves 
and ganglia has been described on pp. loft—155. They may be studied in the 
laboratoiy along with the rest of the peripheral nervous system but a con¬ 
sideration of the autonomic nervous system can be deferred until after a study 
of the cranial nerves and brain stem. Study sections of the cervical sympathetic 
trunk stained with osmic acid and with silver. It is composed of closely packed 
fine* myelinated preganglionic fibers which are running from the upper thoracic 
white rami to the superior cervical sympathetic ganglion, With these there 
are associated a small number of unmyelinated fibers. 

88. Study sections of the greater splanchnic nerve stained with osmic acid 
and with silver. The greater splanchnic nerve is composed of fibers from the 
lower thoracic white rami which have run for a longer or shorter distance 
through the sympathetic trunk. Some of these, including myelinated fibers of 
all sizes as well as unmyelinated axons, are visceral afferent fibers from the 
spinal ganglia: others are fine myelinated preganglionic fibers from the ventral 
roots. The greater splanchnic nerve, although much larger, has the same 
histologic structure as a white ramus. It is important to note that the white 
rami, sympathetic trunk, and greater splanchnic nerve are belter myelinated 
than is the vagus nerve below the level of the nodose ganglion. 

39. Study a section of the internal carotid nerve stained with osmic acid. 
The internal carotid nerve, like other branches from the sympathetic trunk 
to the blood vessels, is composed of postganglionic visceral efferent fibers most 
of which are unmyelinated. 

40. Study a section of the human superior cervical sympathetic ganglion 
stained by the pyridine-silver method. Note multipolar ganglion cells, dendritic 
glomeruli, capsules surrounding cells and glomeruli, and intra- and exlracapsular 
dendrites. It is difficult to distinguish between long dendrites and the axons ol 
the sympathetic ganglion cells. These postganglionic axons are large and slam 
liohllv in pvridine-silver preparations. Note the fine darkly-stained preganglionic 
hburs from the cervical sympathetic trunk which intertwine with the long 
dendrites in the intercellular plexus and penetrate the capsules to intertwine 
with the short dendrites within the glommili (Fig. 118). 

the spinal cord 

41. Review the development and < trass anatomy of the spinal coni (pp. 1 - 
jm d 21-28). Examine the demonstration preparations of the vertebral column. 
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showing the spinal cord exposed from llie dorsal side 1 . In these preparations 
study the meninges ;11 1 <I ligamenlum dcnliculalum, as W(dl as the shape and 
size of the spinal cord. Note the level ot the termination ot tin* spinal cord, 
tin* level of the origin of the various nerve roots and ot their exit from the 
vertebral canal, and llu* level ot tin* various segments ot the cord with reterence 
to the vertebrae. Note tin* filum lermmalc and the cauda ecpiina. Study the 
meninges and blood supply of tin* cord. 

42. The Spinal Cord in Seel ion. Examine the Fal-Weigcrt sections of the 
cervical, thoracic, lumbar, and sacral regions, and from them reconstruct a 
mental picture of the topography of the entire cord. How does it vary in shape 
and size at the different levels? Identity all the fissures, sulci, septa, funiculi, 
gray columns, commissures and nerve roots, llu* reticular formation, the sub¬ 
stantia gelalinosa, and the caput, cervix, and apex of the posterior gray 
column. (See pp. 1 (>(>-!72.) 

48. The Microscopic Anatomy of the Spinal Cord. Study all of the histo¬ 
logic preparations of the spinal cord which have been furnished you. (See pp. 
172—174.) Study the neuroglia in Golgi preparations. Study the* pia mater, septa, 
blood vessels, and ependyma in hematoxylin and eosin preparations. Study the 
nerve cells in Xissl, Golgi, and silver preparations. Study the myelinated fibers in 
Weigcrt preparations and both the myelinated and unmyelinated fibers m the 
silver preparations. Note the arrangement of each of these histologic elements 
and be sure that you understand llu 1 relations which they bear to each other. 

44. Draw in outline, ventral side down, each of four Pal-Weigert sections 
taken, respectively, through the cervical, thoracic, lumbar, and sacral regions 
of the human spinal cord. Make the outlines very accurate in shape and size, 
with an enlargement of 8 times. Pul in the outline of the gray columns, the 
central canal, and the substantia gelalinosa Rolandi. Put each outline on a 
separate sheet and do not ink the drawings at present. 

45. Identify lhe various cell columns in the gray matter and note how they 
vary in the different levels of the cord (Xissl or counlcrslained Weigcrt prep¬ 
arations). (See pp. 1 <;<)—178 and Figs. 185, 18(h) Indicate these cell groups in 
their proper places m the lour outline sketches ot tin* spinal cord. AN hat becomes 
of the axons arising from each group of cells? Why are the anterolateral and 
posterolateral cell groups seen only in the regions associated with the brachial 
and lumbosacral plexuses? The iulcrmediolaleral column only in the thoracic 
and highest lumbar segments? Why is the gray matter most abundant in the 
region ot the mlumosccnlinc and the while matter most abundant at the upper 
end of the* spinal cord? 

4(h What elements arc concerned in spinal reflexes? (See pp. 178-182.) 

47. Wlial connections do the fibers of the spinal nerres establish in the 
spinal cord? What is the origin and the peripheral termination of the somatic 
efferent fibers, of the visceral efferent fibers, of the somatic afferent fibers, and 
of the visceral afferent fibers of the spinal nerves? (See pp. 187-140 and Fig. 
100.) Wind arc the proprioceptive and exteroceptive fibers, and in what peri¬ 
pheral structures do they end? (See pp. 140—149.) 

IS. In a pvridmc-silver preparation ot the cervical spinal cord ot a cal, 
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not(' tliat as the dorsal roof enters tin* cord the unmyelinated fibers run through 
tile kilcial division ot the root into the dorsolateral fa>ciculus (Fig. 144). The 
medial di\i>ion ot the root is formed ot myelinated fibers which enter tin* 
postei ioi funiculus. Head about the inlrainedullarv course of these fibers (pp. 
18.4-187). 

40. 1 hi' fiber tracts, of which the while substance is composed, cannot be 
distinguished in the normal adult cord. They can be recognized from differences 
in the degree of their myclinalion in fetal cords and in preparations showing 
degeneration resulting from disease or injury in various parts of the nervous 
system (p. 104; Figs. 140. 147). From such preparations as are available for 
this purpose and from your reading (pp. 187—*201) form a clear conception of 
tin' origin, course, and termination of each of the fiber tracts. 

50. Indicate the location of each of these tracts in tin* outline drawing of 
the cervical portion of the spinal cord, entering the ascending tracts and the 
ventral corticospinal tract on the right side, and all of the descending tracts 
except the ventral corticospinal tract on the left side. Why should the ventral 
and lateral corticospinal tracts be indicated on opposite sides of the cord? Wax 
crayons should be used to give the several tracts a differential coloring. Use 
the following color scheme: 

Somatic afferent tracts: 

Propriocepti ve—ye llow. 

H x t e ro c e p t i v e—I duo. 

Somatic motor tracts: 

Corticospinal tracts—red. 

Rubrospinal tract—brown. 

All other tracts—black. 

51. The fasciculus euneatus and fasciculus gracilis should be colored yellow 
and then dotted over with blue to indicate that while the proprioceptive fibers 
predominate, there are also some exteroceptive fibers in these tracts. 

5*2. Study the first five clinical illustrations (pp. 441-447) and write an 
explanation of the symptoms in terms of the locations of the lesions and the 
functions ot the parts destroyed. 

54. Now take the human brain and identify all of its principal divisions. 
Dissect out the arterial circle of Willis, and identify the branches of the internal 
carotid, vertebral, and basilar arteries and their branches (Figs. (i5-(i7 and pp. 

77-81). 

54. Study the venous drainage of the brain (pp. 81—88). 

55. Study the meninges and cerebrospinal fluid (pp. 71-/7). 

5(5. Identify all of the cranial nerves (Figs. *24. 41). 

57. Locate the cerebellar peduncles. Fxamine demonstration preparations 
in which the three peduncles have been exposed by dissection (Fig. 4*2). Now 
remove the cerebellum from the previously intact brain. Cut through the 
peduncles on both sides of the brain as far as possible from the pons and 
medulla, sacrificing the cerebellum slightly if necessary in order to leave as 
much of the peduncles as possible attached to the brain stem. 

58. Study the roof of the fourth ventricle (p. 41 and Figs. 40. 4b 40. II). 
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Examine the chorioid plexus of the fourth ventricle. Note Hie line of attachment 
of the tela chorioidea. 'Pear this membrane away. The torn edge which remains 
attached to the medulla is the taenia of the fourth ventricle (Fig. 55). Study 
the attachments of the anterior medullary velum and the decussation ol the 
trochlear nerve within the velum. Remove this membrane. 1 he floor ot the 

fourth ventricle is now fully exposed. 

;>!). Remove the pin mater from the brain stem, carefully cutting around 

the roots of the cranial nerves with a sharp-pointed knife to prevent these 
nerves being lorn away from the brain when this membrane is removed. 

(JO. Carefully examine the medulla , pons, floor of the fourth reutnele, and 
the mesencephalon, observing all the details mentioned on pp. 55-45 and il¬ 
lustrated in Figs. c 29, .‘>0, 5I, 55. 

(J]. Take the transverse sections through the human brain stem which have 
been provided and, by comparison with the gross specimen, determine the level 
of each section. Draw in outline each of these transverse sections through the 
brain stem. Pul each drawing on a separate page, ventral side down, with the 
transverse diameter corresponding to the longer dimension of the paper. Stmh 
each preparation in detail and identify all of the parts, indicating them light!' 
in pencil. Do not label the drawings at this time. Make sure that all proportions 
are correct. The sections through the medulla should be enlarged eight diameters, 
those through the pons and mesencephalon four diameters. 

(jo. If the instructor feels that too much time would be occupied in making 
these drawing, the students may be allowed to study the preparations without 
drawing them at this time. In that case when the functional analysis of the 
brain stem is taken up, the colored record of that analysis can be made on sheets 
of tracing paper, covering Figs. 154, 155, 157, 159, 10*2, 10o, 104, 108, 170. When 
this plan has been used it has saved a great deal of time and has resulted in 
a more satisfactory record of the functional analysis. Each sheet of tracing 
paper is pasted along its inner edge to the page carrying the figure to be 
analyzed. The outside outline of the figure is traced in black ink. After the 
nine figures have been covered and outlined in this way the \aiious fibei tiacts 
and nuclei can be entered in their proper colors and correct positions m these 
outlines as the various functional systems are studied in detail. 

<53. Section Through the Decussation of the Pijramids. Keep in mind the 
tracts which extend into the brain from the spinal cord and note the changes 
in their form and position. Identify the decussation ol the pyramids, the 
nucleus gracilis and nucleus ennealus, the spinal root of the trigeminal nerve 
and its nucleus, the reticular formation. Note the change in the lorm of the 
gray substance (Figs. 15.4. 154, 505, 507, 500. 511). 

04. Section Through the Decussation of the Lemniscus. Note the rapid 
change m tin* lorm ol the gray matter. Identity the internal and external 
arcuate fibers, the decussation of the lemniscus and the beginning of the medial 
lemniscus, as well as the structures continued up trom tin 1 preceding level (k lgs. 
155, 155, 515, 510). 

05. Section Through the OH re and the II ijpoglossal Xucleus. At this level 
the central canal opens out into the fourth ventricle. 1 he posterior tuniculi 
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and their nuclei are disappearing or have disappeared. The dorsal spinocere¬ 
bellar tract lies lateral to the spinal tract of the trigeminal nerve and is directed 
obliquely backward toward the rc^tiform body. Identify, in addition to those 
structures which are continued from the preceding level, the inferior olivary 
nucleus with the olivocerebellar fibers, the dorsal and medial accessory olivary 
nuclei, the external arcuate fibers, the nucleus and fibers of the hypoglossal 
nerve, the dorsal motor nucleus of the vagus, the traetus solitarius and its 
nucleus, the nucleus ambiguus and the lateral reticular nucleus (Figs, loo, 157, 
819, 822). 

00. Seel ion Through the Inferior Cerebellar Peduncle. Pile interior cere¬ 
bellar peduncle and tin' spinal tract of the fifth nerve are conspicuous in the 
dorsolateral part of the section. In the floor ol the fourth ventricle locate the 
nucleus of the hypoglossal nerve, the dorsal motor nucleus of the vagus, the 
medial and the spinal vestibular nuclei. Phe spinal tract of the fifth nerve and 
its nucleus are deeply situated ventral to the rcstitorm body and broken up b\ 

the olivocerebellar fibers (Figs. 159, .‘320). 

(57. Section Through the Loirer Margin of the Pons. Identity such portions 
of the pons, brachium ponlis, and cerebellum a.s are contained in the section. 
Dorsolateral to the inferior cerebellar peduncle is the dorsal cochlear nucleus, 
and ventrolateral to it the ventral cochlear nucleus. Identity the striae mcdul- 
lares and the medial and lateral vestibular nuclei (Pigs. 102. o.>0. .>.>4). 

08. Section Through the Facial Colliculus. Differentiate between the ventral 
and the dorsal portions of tlie pons, and in the ventral portion ideulifx tin 
longitudinal fasciculi, transverse fibers, and the nuclei pontis. In the dorsal 
p.„a identify the nuclei and root fibers of the sixth and seventh nerves including 
the genu of the seventh nerve. Locate the spinal tract ot the fitth nerve and its 
nucleus, the trapezoid body, and superior olivary nucleus (Pigs. 108. 888, 842, 

(Ml. Section Through the Middle of the Pone Shotting the Motor and Mum 
Sensory Sitrlei of the Fifth Scree. Ill addition to these nuclei note the beginning 
of the mesencephalic root of the fifth nerve. The superior cerebellar peduncle 
makes its appearance in-the dorsal part of the section (Figs. Kit. :Ua. TfS) 

70 . Section Through the Inferior Colliculus. Identify the basis pcdimoiili, 
substantia nigra, medial and lateral Icmnisci. cerebral aqueduct, central gray 
matter mesencephalic root of the fifth nerve, fasciculus longitudinal)* media is. 
mK |cus of the trochlear nerve, and the decussation of the superior cerebellar 

nedimele (PVs 107, 1(58, 859. 8(52). 

71 Section Through the Superior Colliculus. Identify m addition to the 
structures continue,I upward from lower levels, the red nucleus, the nucleus 
„f lh , ,|,ird nerve, and the root fibers of that nerve. Ihc ventral and dorsa 
tegmental decussations, the inferior quadrigeminal brachmm. and the medial 

o-cniculate body (Figs. 170. 805. 807). 

© 

THE cerebellum 

7 - 2 . on the cerebellum identify the vermis, hemispheres, lobules, and divided 
peduncles (Fig>- 80—fO). 
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78. Divide llie cerebellum in llie n 1 cm 1 inn plane. In the medial sagittal 
section identify the while medullary body ol the cerebellum, the arbor vitae, 
cerebellar cortex, folia, and sulci (Figs. 00, 105, H). Cut the right half into 
horizontal sections and the left into sagittal sections and study the medullary 
center and nuclei of the cerebellum (Figs. 105—107). 

74. Study the histologic sections of the cerebellar cortex and master the 
details of its structure (Figs. 200, L 2()l; pp. t 28 c 2-285). 

FUNCTIONAL ANALYSIS OF THE BRAIN STEM 

75. Review the sections of the brain stem as directed in the following 
paragraphs, paying special attention to the functional significance of the various 
nuclei and fiber tracts as tar as they can be followed in the series of sections. 
In general, the afferent tracts and nuclei should be entered in color on the right 
side of the drawings already made, and the efferent tracts and nuclei on the 
left side. But this order must be reversed in certain cases to allow tor the 
decussation of the tracts. Label the various tracts and nuclei. Lse the following 
color scheme: 

Somatic afferent: 

Ext eroce pt i v e—1) I u e. 

Pro p r i oe e p t i v e—y e 11 o w. 

Y iseera I a fteren l—orange. 

Visceral efferent—purple. 

Som a t ic efferen t—re< 1. 

All cerebellar connections not strictly proprioceptive-—brown. 

Other tracts—black. 

PROPRIOCEPTIVE PATHS AN1> CENTERS 

7(1. The cerebellum is the chief proprioceptive correlation center, and the 
restijorm body consists for the most part of proprioceptive afferent paths (Fig. 
2(>9). Note its shape, position, and connections in all the gross specimens. 

77. Now lake the sections of the medulla, locale the dorsal spinocerebellar 
tract in each, and indicate its position in yellow on the right side of your out¬ 
lines. Locale the external arenate fibers. From when' do they come and where do 
they go? Draw in yellow those belonging to the right peduncle. Locate in your 
sections the oliroeerebellar tract , and with brown indicate in your outline the 
fibers running into the right peduncle (Fig. 159). 

78. From you text ascertain the course of the central spinocerebellar tract 
and indicate its position in yellow on the right side ol the outlines (fig. li)8; 
p. 898). 

79. Proprioceptive Path to the Cerebral Cortex. Indicate in yellow the 
terminal portion ol the right dorsal jnnienh , and with yellow stipple the right 
nucleus proedis a ml nucleus cuueotns (figs. 154, 155). Study the internal arcuate 
fibers and the medial lemniscus, drawing the internal arcuate fibers from right 
to left and the medial lemniscus on the loll side (yellow). Where do the fibers 
of the medial lemniscus terminate? What is the source and what the destination 
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of the impulses which they cany? Insert the medial lemnise-us in its proper 
plnce in each of the outlines. (See Figs. 157. 15!). 1 (>:5, l(i4. lhS. 170 209- pp 
Hi?. :«)->.) 

80. Locate the* restihular nuclei and indicate' them with yellow stipple on 
the right side of the outlines (Figs. 157. 15!). 1(18, 104). Locale the vestibulo¬ 
cerebellar tract (Figs. 108, ISO). 

EXTEROCEPTIVE PATHS AND CENTERS 

81. The C oc III ear A evr<‘ and If. s* ('onneefions. On the brain find the acoustic 
nerve and the ventral and dorsal cochlear nuclei (Figs. 82. 102). Locate' the 
lateral lemniscus where it forms a flat band of fibers dire'elenl roslrally and 
den-sally upon the lateral surlace of the' mesencephalon. It occupies a triangular 
space dorsal to the basis pc'duneuli and rostral to the pons and is superficial 
to the superior cerebellar peduncle (Fig. 82). 

82. Now take the section through the' loweu* boreleu* of the ]»e>i i s and study 
the' cochlear nuclei (Fig. 102). In the sectiem through the* facial e*<> 11 ie*i 1 1 us stnelv 
the trapezoid boely and the superior edivary nuclei (Fig. 108). In the* see-lion 
through the' middle of the penis ielentifv the* laferal lemnsicus (Fig. 104). Trace 
this tract to the 1 interior cedlicnlus (Fig. 10!)) anel through the' infcrie>r tpiaelri- 
geminal brachinm te> the medial geniculate lately (Figs. 109, 170). Color tlmsc 
central connections of the ceu-hlear nerve* blue, indicating the e-eu-hlear nuclei 
on the right side and the* lateral h'liiniscns on the left (Figs. 187, 88*2, 885, 880; 

pp. 200, 888). 

88. Locate the sensory nuclei of ihe fifth nerre in the sections anel indicate 
the'in with coloreel stipple etu the* right side* etf the drawing (pp. 255, 458; hig. 
184); the mesencephalic nucleus, yellow (Fig. 108); the main sensory nucleus , 
blue (Fig. 104); the nucleus of the spinal tract . blue (Figs. 154, 155, 157, 159, 
102, 108). At the same time' color the spinal tract of the* right siele blue. What 
becomes of the' fibers which arise from the cells of the main senseuy and the 
spinal nuclei of the trigeminal nerve? (See* pp. 255, 888: Fig. 207.) 

84. From the text ascertain the* e-emrsc of the spinothalamic tracts and trace 
them up through the brain stem (Figs. 204, 205. 208). Where (let these fibers 
e-enne from, anel where do they cnel? What kind of sensatiems elo they mediate? 
Enter them in blue on the' right siele of yemr drawings. (See pp. 189. 882-887.) 

VISCERAL AFFERENT PATHS AND CENTERS 

85. Identify the fractus solitarius and its nucleus (Figs. 157. 159, 178. 828. 

8 t7 4 827 828. 881, sell). What is the* origin. termination, and fune-tiem e>l the* 

fibers constituting this tract? (See pp. '.>41. t.v>.) Indicate tin- tract with orange 
a lu | the nucleus with orange stipple on the right side of your drawing. 

VISCERAL MOTQR CENTERS 

S(i. In the sections of the brain stem identify the dorsal molar nudni. s o/ 
ihe vagus (Figs. 157. Hitt) and the following special visceral motor nuclei: Ihe 
nucleus ambifuus (Figs. 157, KiO), the motor nucleus of the fifth (Fig. Kit). 
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mid the motor nucleus oj (he seventh nerve (V i- 103). Stipple lli(‘S(* nuclei 
purple on the left side. How are viseend aflcrcnl and eflcrcnt elements con¬ 
nected to form visceral reflex ares? (See pp. 24.5, 405.) 

SOMATIC MOTOR TRACTS AND CENTERS 

87. The Corticospinal Tracts. From the cerebral cortex the fibers of the 
pyramidal tract run through the internal capsule and brain stem to the somatic 
motor and special visceral motor nuclei oi the cranial nerves and to the anterior 
gray column of the spinal cord. Examine again the series of sections through the 
brain stem and color the corticospinal tract red on the right side of your 
drawings. Draw the fibers from the right tract backward and to the left in the 
decussation (Fig. 271; pp. 197, 395). 

88. With red stipple indicate the somatic motor nuclei on the left side of your 
drawings. Which nuclei are they? (See pp. 242-245.) 

CEREBELLAR CONNECTIONS 

89. Review the corticopontoeerebellar path in your sections (Figs. 1(54, 171). 
Color the corlicopontile tracts of the left side brown. Indicate the nuclei 
poulis of the left side by brown stipple. Draw the transverse fibers of the pons 
from the left nuclei poutis to the right middle cerebellar peduncle (F'ig. 1(51; 
pp. 199, 370). 

90. In your sections trace the superior cerebellar peduncle rostrally, noting 
its decussation and termination (Figs. 1(54, 16(5, 1(58, 172). Indicate it in brown 
on your drawings, beginning on the left side (Fig. 1(54) and tracing it through 
the decussation to the right red nucleus. Stipple the right red nucleus with 
brown. (See pp. 217, 281.) 

91. The Rubrosiual Tract. Trace the rubrospinal tract from the red nucleus 
through the ventral tegmental decussation (Fig. 170) and the reticular for¬ 
mation of the brain stem. In the reticular formation it occupies a position 
ventromedial to the nucleus of the spinal root of the trigeminal nerve (Figs. 
1(59, 2(58; pp. 230, 281). Color it brown on the left side of your drawings. 

THE RETICULAR FORMATION 

92. Study the reticular formation in the various sections. Of what is it 
composed? I low many kinds of internal arcuate fibers can you find? What is the 
source of tin* longitudinal fibers of the reticular formation? Locate the tecto¬ 
spinal trad and indicate it in black on the left side of your drawings. (See pp. 
199, 231.) 

93. The Fasciculus Longit udinal is Mediahs. Examine all nine sections, and 
outer this bundle in black on both sides of your drawings. What is the source 
of its fibers and what is its function? (See pp. 203, 40(5.) 

PROSENCEPHALON 


94. With a sharp brain knife divide the human brain exactly in the median 
sagittal plane*, and then cut the left cerebral hemisphere into a series of frontal 
sections. 44ic planes of the sections should pass through (1) the rostrum of the 
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corpus callosum. (2) the anterior commissure, (3) the mammillary body, (4) 
the habenular nucleus. (5) the pineal body and the spleninm ot* the corpus 
callosum (Figs. 220-224). It will be helpful if special dissections such as those 
illustrated in Figs. .32. 41, 52, 5(5. 57, 22(5, 229 are available tor study. Examine 
the median surface of the right cerebral hemisphere and identity tin* parts ot 
the prosencephalon illustrated in Fig. 40. 

95. Dicnccphcdon . Study the thalamus as it appears in all ot these prep¬ 
arations (pp. 292—298). Fxamine the dorsal surface ot the thalamus in a 
demonstration preparation (Fig. 41). The lateral surface ot the thalamus rests 
against the internal capsule, as can be readily understood from a study ot 
frontal sections of the hemisphere (Figs. 222, 228). 1 he medial surface tonus 
a part of the wall of the third ventricle (Fig. 40). 

9(5. Study the epithalamus. Of what parts is it composed? (See Figs. 40, 

41: p. 301.) 

97. Locate all the parts which belong to the hypothalamus (Figs. 31. 40: 
]). 802). 

98. Study the shape and boundaries of the third rrntncle (Jug. 40. p. 48). 

99. The Melalhalamus. Examine the ventral, lateral, and dorsal surfaces 
of a special dissection such as that illustrated in Fig. 40. Locate the medial 
and lateral geniculate bodies and their brachia. Note their relation to the optic 

tract, pulvinar, and corpora qnadrigemina (see pp. 42, 227). ... 

10() In the frontal sections of the left human cerebral hemisphere identity 
the various parts of the dienecphalon (Figs. 222. 228). From these sections 
something can be learned concerning the internal structure of the thalamus 
but more information can be obtained on this subject from sections stained 
bv the Wcigcrt method (Figs. 208. 887-890, 895-401: p. 292). In these sections 
trace the basis peduncnli into the internal capsule and the medial lemniscus 

into the thalamus. . , , ,, ir 

101 Surface Form of the Cerebral Hemispheres. Examine the basal mi- 

face of lhe cerebral hemisphere. Note Ihe parts belonging lo the rhinenocphnlon 
jiul U( |i n ,. the olfactorv hull,, olfactory tract, medial and lateral ollactory 

striae anterior perforated sub stance, .mens, an.. ot the parahippocampal 

,,vrus. The olfac tory cortex or archipallinm is overshadowed by the ncopn hmn 
which covers nearly all of the surface of the cerebral hemisphere Fig. 

102 Examine the right cerebral hemisphere and identity the poles hssims 

, . , . i . . .* v' is si. no 55-02). Draw the margins ot the la t cm a I 

fUsn're^part'a'inf'locate 7he insula (Fig. 48). Study the insula in the frontal 

sections thromdi the left cerebral hemisphere (Figs. 220-22:,; p. 

' „)■) gtndv the cor,,us callosum and septum pclluculum m the median 

sa.dltai section and frontal sections of the hemisphere and ... such .lemons, rat,mi 

ovnilablc (Fi°s. 30, 40, 52, 220-224: p. 03). 

..7-:!;< 

t |,e lateral ven nee as > lo construe, a mental picture 

the human bra n 1 Tll( , c | K , rio id plexus will have been 

of its shape (Jugs, oo-oo. PP- 11 > 
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damaged when the brain was cut, bill remnants ot it can be found and 
examined. 

105. The Corpus Sfrialiuu, (pp. 812—.‘119). Examine again the caudate 
nucleus as it bulges into the lateral ventricle (Fig. 50). Study the corpus 
striatum in frontal sections of the cerebral hemisphere (Figs. 220—223). 

100. Now take the frontal sections of the left hemisphere ot the human 
brain and identify the various parts of the internal capsule (Figs. 220-224. 
391, 401). Study special dissections of the internal capsule furnished as 
demonstration preparations (Figs. 32, 228, 229). 

107. Study a horizontal section stained by the Weigert method through 
the internal capsule and basal ganglia. From this section and from the dis¬ 
sections endeavor to form a clear mental picture of the internal capsule and its 
relations (Figs. 220, 227, 387, 390; pp. 319-322). 



Figure 434. Diagram showing the differences in thickness and in the arrangement of the lighter 
and darker bands in llie human cerebral cortex in different regions as seen with the naked eye: 
A, Motor cortex from anterior central gyrus; B, sensory cortex troin the posterior central gyrus; 
C, visual cortex from the region of the calcarine fissure; D, auditory cortex Irorn the anterior 
transverse temporal gyrus. (Redrawn alter Elliot Smith.) 

108. If time permits it will be profitable to study a series of sections 
through the internal capsule and basal ganglia. Figures 309-381 represent a 
series of sections cut approximately at right angles to the long axis of the brain 
stem. All these sections are below the level of the anterior limb of the inter¬ 
nal capsule and all except the first pass through the subthalamus and the 
subthalamic portion of the internal capsule. In each the rctrolenticular portion 
of the internal capsule is clearly defined, but the sublenticular portion is seen 
onlv in the lowest section of the series. As the series is followed from below 
upward the basis pednneuli becomes the subthalamic portion ot the internal 
capsule, which does not possess an anterior limb, but consists of a broad plate 
of fibers slightly concave on the side toward the diencephalon. Figures 888-8S(> 
and 390 represent horizontal sections through the basal ganglia and internal 
capsule. 

109. Rhincncephafon. Study the olfactory portions of the brain to be seen 
on the surface of the right cerebral hemisphere and in the frontal sections of 
the left hemisphere (Figs. 31, 220—223; pp. 327—34(5). Figures 57, 237, 238, 
240, 242 will help in forming from a study of the frontal sections a composite 
picture of the hippocampus and fornix. Examine the anterior commissure, 
fornix, fimbria, hippocampus, alveus, laseia dentala, and hippocampal fissure. 
Observe the position, size and relations of the amygdaloid body (Figs. 898-89(5). 
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110. The Cerebral Cortex. On the right hemisphere of the human brain 
identify the motor, somatesthetie, auditory, and visual centers (pp. 857-882). 
With a scalpel remove a cube of cortex and subjacent white matter from each 
of these areas. Each block should measure about 1 cm. in each dimension. 
With a sharp razor make a section through each of these blocks at right angles 
to the surface of the cortex and perpendicular to the long axis ot the gyrus 
from which the block was cut. Note the differences in thickness ot the cortex 
in tile various regions. Observe the while* strialions in the cortex, and note how 
these differ in the several specimens (Eig. 434). Study the stained and mounted 
sections of the cerebral cortex which are turuished you. What details ot coll 
and filler lamination do these preparations show, and how does this lamination 
differ in the several regions of the cortex.' 1 (See higs. 252, 253; pp. 547—85(5.) 

111. Association Tibers. In special dissections furnished as demonstration 
preparation study the assoeiation fiber bundles (figs. 52. 280—2.->.»; pp. .>22—.>2(>). 
If the human brain is reasonably well preserved, the larger bundles ot association 
fibers may be easily exposed by dissection, this can be done on the light 
hemisphere. But if the material is very soft this half ot the brain can more 
profitably be laid into a series of horizontal sections and these used for a review 
of the form and relations of the component parts of the cerebral hemisphere. 
If the material is suitable, make the following review dissection. 

112. Review Dissection of the Human Brain. Take the right halt ot the 
human brain and scrape away llio cerebral cortex from a portion of lire dorsal 
surface of the frontal lobe. This will expose the short association or arcuate 

fibers (Fig. 2:i(>). . , . 

It:!. Now make a horizontal section through the hemisphere parallel^ to 

dorsal surface of the corpus callosum and three-eighth inch dorsal to it. Note 
the centrum scmiorale. Scrape away the cortex of the gyrus cinguh and the 
while matter immediately subjacent to it. In making this dissection carry the 
oraimowood stick in an anteroposterior direction, removing the while matter 
a little at a time until a longitudinal bundle of fibers, the em.julum. is exposed 
(Fig. 52). The indiisium griseum and striae longitudinalcs should now be 

uncovered. * . . . . 

114. Remove the cingulum, scrape away the mdusnnn griseum, and expose 

the radiation of the corpus callosum as indicated on the right side o ig. •>.. 
but do not cut the sagittal strata or expose the lapelun, at tins tune. 

115. Using tissue forceps and starting at the cut surface, pull away sinnl 
pieces of the parietal operculum by upward traction. Note ic nun is o 
transverse fibers which enter this operculum from the corpus cal osum and 
internal capsule. These intersect at right angles with the libers ot the mperm, 
longitudinal fa,cicu/u, which should come into view as the ihssection pnigrcsses 
(IV -,o) The transverse bundles should be mane to break oil at < l-oml 

where tliev pass through the superior ..ml fasciculus. ( omplete tin 

K , . .. , || H . dissecting instrument m the direction 

dissection ot Hus hscwu\u>. < r• ^ t he corona radiata with the ra- 

o'- «.K-rs NOW ns ra e ' c s^ Uon n ^ . isi||a iIk , 

diation of the corpus callosum (tig- •>.). 
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dorsal surface of the temporal lobe have been exposed. Note in parlieular the 
transverse temporal gyri. 

lit). Now disseel away the dorsal part of the temporal lobe and remove 
the insula. This will expose the unci mile and inferior occipitofrontal fasciculi 
as well as the external capsule (Fig. £.‘>1). These fiber bundles can best be dis¬ 
played by carrying the dissecting instrument in the direction of the fibers. 
Complete the dissection of the corona radintn. 

117. Now turn the specimen over and make a dissection of the column of 
the fornix and the mammillothalamic tract as in Fig. 242, but do not cut away 
the brain stem as indicated in that figure. At the anterior end of the inferior 
horn of the lateral ventricle observe the location of the amvgdala and its 
continuation with the surface of the brain ventromedially (Figs. 232, 898, 390). 

118. Dissection of the Internal Capsule from the Medial Side (Fig. 22!)). 
Fear away the fornix and septum pellucidum, opening up the lateral ventricle. 
With the brain knife cut away a slice from the medial surface of the hemisphere, 
varying in thickness from _} inch at the frontal end to 2 inch at the occipital 

, 11 ^ thi ci 1 1 ^ h the corpus callosum and into the ventricle, but not into the 

basal ganglia. With a scalpel and tissue forceps remove what remains of the 
medial wall of the lateral ventricle, except in the inferior horn. Observe again 
the amygdala forming part ot roof and anterior wall of the inferior horn. Grasp 
with tissue forceps the stria terminalis in the rostral end of the sulcus terminalis 
and tear it away, carrying the forceps toward the occipital pole. By blunt 
dissection remove the thalamus and subthalamus as well as the tegmentum 
and corpora cjuadrigemina of the mesencephalon. In scraping away these parts 
earry the dissecting instrument from the sulcus terminalis in a ventral direction. 
This will uncover the basis peduneuli and its continuation into the internal 
capsule. The fibers of the thalamic radiation will be broken off at the point 
where they enter the internal capsule (Fig. 229). Remove the ependymal lining 
of the posterior horn ot the ventricle and uncover the tapetum. Scrape away 
the caudate nucleus, carrying the dissecting instrument in the direction of the 
fillers ot tin* internal capsule (Fig. 229). Trace the anterior commissure to the 
pomt where it disappears under the anterior limb of the internal capsule. Study 
the internal capsule as seen from the medial surface, and note particularly 
the direction ot the fibers, the anterior limb, the posterior limb, the posterior 
thalamic radiation, and the curved ridge which represents the genu. 

119. Now turn again to the lateral side ot the specimen (Fig. 281), and 
grasping with tissue forceps individual strands of the uncinate fasciculus in 
the temporal lobe strip them forward into the frontal lobe. Remove the entire 
fasciculus in this manner. In the same' way strip away the fibers of the inferior 
occipitofrontal fasciculus, beginning in the frontal lobe and tracing them toward 
tin oMipul. Ship oil the fibers ot tin' external capsule and (expose the lentiform 
nucleus and the corona radiata (Fig. 228). Fay Special attention to the fibers 
of the corona radiata which conn* from the sublentieular part of the internal 
capsule and enter the temporal lobe. Follow the* anterior commissure to the 
point where it disappears under the lentiform nucleus. 
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120. Remove what remains of the temporal lobe and examine the liippo- 
campus, fimbria, and inferior horn of tlie lateral ventricle trom the dorsal 
surface (Fig. 23S). 

121. Next scrape away the lentiform nucleus and trace the basis peduneuli 
into the internal capsule (Fig. 32). Study the corona radiala. internal capsule, 
and basis j)edunculi from both sides ot this preparation. 1 he thalamus and the 
caudate and lentiform nuclei produce well marked impressions on the internal 
capsule (Figs. 3*2. 229). 


Bibliography 


Acles, II. \\ and J. M. Hrookhart, 1950: l'lic Central Auditory Pathway, J. Nenrophysiol., vol. 
13. pp. 18!)-20(i. 

Adri •in, E. 1),, 15)31: r \ lie ^Messages m Sensory Nerve Kibers and I heir Interpretation, Proe. Boy. 
Sue. London, Series B. vol. 109, |). I. 

Adrian, E. I)., and B. II. ( . Alatlhews, 15)31: The Interpretation of Potentiul Waves in the Cortex, 
J. Physiol., vol. SI. pp. 140-471. 

Adrian, E. I)., 15)14: Localization in Cerebrum and Cerebellum. Brit. M. .J,, vol. 2. pp. 1,37-140. 
Aidar, O., \\ . A. Geohegan. and L. II. I ngewitler. 1952: Splanchnic VH'ereiit Pathways in the 
Central Nervous System. J. Neurophysiol., vol. 15. pp. 131-138. 

Alexander. L., 15)42: The Vascular Study of the Striopallidum. A Res. Nerv. & Meat. Dis., Proe., 
vol. 21, pp. 77-12(i. 

Allen, \\. F., 1919: Application ol the Marehi Vlethod to the Study of the Radix Meseneephalica 
Trigemini in tin* Guinea-pig, J. Compl. Neurol., vol. 30, p. 109. 

-, 15)23: Origin and Destination ol the Secondary Visceral Fibers in the Guinea-pig, J. Comp. 

Neurol., vol. 35, p. 275. 

-, 15)24: Distribution of the Fibers Originating from the Different Basal Cerebellar Nuclei, 

J. Comp. Neurol., vol. 30. p. 35)5). 

-. 15)27: Experimental-anatomical Studies on the Visceral Bulbospinal Pathway in the Cat 

and ( biinea-pig, .J. Comp. Neurol., vol. 42. p. 35)3. 

Allison. A. ( .. 15)53: The Structure ol the Olfactory Bulb and its Relationship to the Olfactory Path¬ 
ways in the Rabbit and the Rat. J. Comp. Neurol., vol. 98. pp. 309-353. 

Alphin. T. II. and \\illinm T. Barnes, 15)44: The Course of the Striae Aledullares in the Human 
Brain, J. Comp. Neurol., vol. 80. pp. 05-08. 

Aiidre-Thomas. VI., 15)30: Le laiseeau nibro-spinnl existe-t-il ehez I llumine? Rev. Neurol., vol. 05, 


p. 252. 

Andre-Tliomas. ami I)nnipt, 1!)1t: Localisations errebe I lenses, Paris. 

A ivy, L . B., T1ie Inunctions ol the Ellereiit Fibers of the Optic Nerve of Fishes, J. Comp. 

Neurol., vol. £(>, p. £13. 

Babkin, B. I\, ami M. C. Kite, Jr., 1!)K): Central ami Reflex Regulator of Motility of Pyloric 
Antrum, J. Xcuropliysiol,, vol. 13. pp. 3£I-33L 

-, -. I!)M): (laslrie Motor Lfleets ol Acute Removal of Cingulate Cyrus ami Section of 

Brain Stem, J. Nenrophysiol., vol. 13, pp. 337-3H. 

Bailey, I ) ., and («. Hiller, I!)£•!•: I he Interstitial Tissues ol the Central Nervous System, J. Nerv. 
Meat. Dis., vol. a!), p. 337. 

Bailey, P. C. von Bonin, II. \\. Carol, and \\. S. MeCullooli, 11)13: Long Association Fibers in 
Cerebral Hemispheres of Monkey and Chimpanzee, J. Nenrophysiol., vol. 6, pp. H9-I3T 
Bah). J., 10.70: The Dural Venous Sinuses, Anal. Ree., vol, l()(!. pp. 3l!)-3£o. 

Ban, T., and K. Inoue, l!)o7: Interrelation Between Anterior Lobe of Cerebellum and Hypothalamus. 

II. C(*reb(dlar Evoked Potential, Med. J. Osaka l niw. vol. 7, pp. SI I —SoT. 

Ban, T., and II. Shinoda. I!)7(i: Experimental Studies on the Relation between the Hypothalamus and 
Conditioned Reflex, Med. J. Osaka l niw, vol. 7, pp. (H3-G7(). 

Barany, R., I!)l£ : Lokalisation in der Rinde dcr Ixleinhirnhemisphiiren des Mensehen, Wiener 
klinisclie Wochcnschrift, Bd. 25, p. 2033. 


5G8 







BlIiLIOCRAPHY 


500 

Bjirtl. I’.. 1 : A Diencephalic Mechanism for the Expression of Rage. with Special Reference to 

the Sympathetic Nervous System, Am. .1. Physiol., vol. 8t. p. 100. 

-. 11)31-: On Emotional Expression after Decortication, Psychol. Rev., vol. H. pp. 101) -.‘Oil; 

12 1-440. 

Hard. P.. and I). Riocli, 1!)37: A Study of Four Cats Deprived of Neocortex and Additional Por¬ 
tions of the Forebraiu, Bull. .Johns Hopkins Ilosp., vol. (i(), pp. 73-117. 

Burgmaii. \Y.. and E. Scharrer, 1 DA 1: The Site of Origin of the Hormones of the Posterior Pituitary, 
Am. Scientist, vol. 30, pp. 233-230. 

Barnes. S.. 1001: Degenerations in Hemiplegia with Special Reference to a Ventrolateral Pyramidal 
Tract, the Accessory Fillet, and Pick’s Bundle. Brain, vol. '■•it. p. 463. 

Barnes. \Y. 1'.. II. NN Magonn. and S. NN Ransom 1013: I'lie Ascending Auditory Pathway in 
the Brain Stem of the Monkey. .1. Comp. Neurol., vol. 7!). pp. 1*20-1 32. 

Harris, R. NY.. 1031: I'lie Frequency of Atypical Neurones in the Spinal Ganglia under Normal 
Conditions and after Lesions ol the Roots, Nerves or Ganglia, J. ( omp. Neurol., vol. 70. p. 327. 
Harris, R. NY.. NN R. Ingrain, and S. NY. Ransom 1037: Optic Connections of the Diencephalon and 
Midbrain of the Cat. .1. ( omp. Neurol., vol. 62. |>. 117. 

Hates. J. N ., 1073: Stimulation ol the Medial Surlace ol the Human ( erehral Ilcunspheie alter 
Ileinisphereetomy. Brain, vol. 76. pp. 107-117. 

Batten. F. E. and G. Holmes. 1013: 'I'lie Endogenous Fibers of the Human Spinal Cord (from the 
Examination ol Acute Poliomyelitis). Brain, vol. 37, p. 270. 

Bavliss. NY. B.. 1!) 1S: Principles of General Physiology. New York. 

Heaton. L. E.. C. Leininger. NN . A. McKinley. II. NY Magoum and S. NY. Ramson. 1013: Neurogenic 
Hyperthermia and its Treatment with Nembutal in the Monkey. Arch. Neurol. & Psyclnat., 

vol. 1!). pp. 318-336. . 

Beaton. L. E.. and II. NY. Magoum 1011: Localization of the Medullary Respiratory (enters m the 

Monkcv. Am. J. Physiol., vol. 131. pp. 177-187. 

Heaton. L. E., and C. R. Leininger. 1013: Spinal Distribution of Thermoregulatory Iathvvays m 

the Monkey. J. Neurophysiol., vol. (!. pp. 37-38. . ....... 

Hebim .J.. 1036: The Central Tegmental Bundle. An Anatomical and Experimental Study in the 

Monkey. -J. ('omp. Neurol., vol. 103. pp. 287-332. .... ... ... 

Beelil F.. 1020: Studies on the Cerebrospinal Fluid. Am. J. I hysiol., vol. ol. pp. 

Beevor. C. E.. and Victor Horsley. 1002: On the Pallio-tectal or Cortieo-mesencephahc System or 
Fibers, Brain, vol. 23, p. 136. 

Bidl. ('.. 1811: Idea of a New Anatomy ol the Brain. London. 

__ I SIP The Nervous Svstem of the Unman Body. London. 

Bender M S and E. A. Weinstein. 1013: Functional Representation m the Oculomotor am 

Trochlear Nuclei. Arch. Neurol. & Psyehia. vol. PP- 38-106. 

Benjamin. J. NY.. 1030: The Nucleus of the Oculomotor Nerve. J. Nerv. Mini. D..PI- 

Berrv C.^L.V I). Hagamem and .1. ('. Ilinsey. 1032: Distribution of Potentials Following Stnm.la- 
,• (• (iir ,,i .... Bulb in Cat. .J. Neurophysiol., vol. 13. pp. 130 It/. ^ 

II Hi- 7 I'm", Ml.mmcu," Anatomic .I PhysioloRic ■ !<•* N'em-nsysk'ins ('.. 'niuuu-. '-"I'm-' 

nulutu M. . I»I0: Kinip. ».r -n.al.-n .. I-"- 1 "*- 1 '™ 

S-'—a- n,..l I.iiisnikanim .1.1. ^Spin, .. AH,, f. Anal. u. 

Bin'> - R 1006: Expernneutelles /an iuvsioio^n 

- Physiol.. Physiol. AI,U * . (; , llll ,, kran |a„. i „.„. Mohr .I Slachohu's Han,I- 

_ 19 -W Allj*enu‘ni( k „ .. 

i„,..|, .h-r iiinoiTi, VI*I*;l. •>. I U. Spn.^-r I <-rhn. 

iTxi!‘n! li" 17Y i7;:::7o;7,,h,, ...»,su.»..h a w b«i- 

ms,. 'tt. LK . .. . . . " y 

Means of the Potential Record Am. .LIg. •; Th<i Kmi( . lioll <)f lh( . Non-myclinated 

■.-v- “....", 

.,i.,s.o.sx'Ki-.rti.r z. .... <■,- ... 

lilach. I).. IPIh: CcTohollar l.o,ah/.aho„ ,,, <l« 

_;"; o 7 ":,7 7 ... XiK'liy «f ,1- Ccrahral NW in XeM,ul " 

27. p. 367. and vol. 28, p. 379. 






570 


Anatomy of tiik Nervous System 


Blmn, J. S., I\. L. Chow, ami K. II. Pribram, I!);><): A Behavioral Analysis ol the Organization 
of the Parieto-temporo-prcoeeipital Cortex, J. Comp. Neurol., vol. 93, pp. 53-100. 

Bodiau, I)., 1942: Cytologieal Aspects of Synaptic Fiinetion. Physiol. Kev., vol. 22, pp. I ft) 1 C!>. 

-, I95I: A Note on Nixies of Ranvier in the Central Nervous System. J. Comp. Neurol., 

vol. 94, pp. 47a—183. 

Boeke, .1., 103^: Nerve Endings Motor and Sensory, in Penfield. Cytology and Cellular Pathology 
of the Nervous System, Paul B. Iloeher, N. Y,, vol. 1, See. (i. 

-. 11)49: 'Phe Sympathetic End Formation, Its Synaptology, the Interstitial Cells, the Peri- 

terminal Network, and Its Bearing on the Neuron Theory. Discussion and Critique, Acta 
Anatoniica, vol. 8, pp. 18-01. 

Bdrnsteiu, \V. S., 1940: Cortical Representation of Taste in Man and Monkey, ^ale J. Biol. & 
Med., vol. 12. pp. 719-730; vol. 13, pp. 133-1‘>0. 

Bolk, E„ 1900: Das Cerebellum der Siingetiere, Gustav Fischer. Jena, 1900. 

Bolton, B.. 1). J. Williams, and E. Arnold Carmichael, 1937: Sympathetic Ganglionic Responses 
in Man, Brain, vol. 00, p. 39. 

Bolton. J. S., 1910: A Contribution to the Localization of Cerebral Function. Based on the Clinieo- 
pathologic Study of Mental Disease, Brain, vol. 33, pp. ‘■20— 1 t7. 

-. 1914: The Brain in Health and Disease, E. Arnold, London. 

Bolzer, E., 1927: Fntersuehungen liber das Nervensystem der Coelenleraten, Ztsclir. I. /elllorseh. 
u. mikr. Anat., vol. 5, pp. 244-202. 

von Bonin, G., 1950: Essay on the Cerebral Cortex, Charles C Thomas. Springfield. 111., pp. 150. 

von Bonin, G., and G. A. Shariff. 1951: Extrapyramidal Nuclei Among Mammals. A Quantitative 
Study, J. Comp. Neurol., vol. 94, pp. 427—43S. 

Borison. II. L.. 1957: Site of Emetic Action of X-radiation in the Cat. J. Comp. Neurol., vol. 107, 
pp. 439-453. 

Borison, H. L„ and S. C. Wang, 1949: Functional Localization of Central Coordinating Mechanism 
for Emesis in Cal, J. Neurophysiol., vol. 12, pp. 305—314. 

Botterell, E. H., and J. F. Fulton, 1938: Functional Localization in the Cerebellum of Primates. 
Ill I >esions of Hemispheres (neocerebellum), J. Comp. Neurol., vol. 09, p. 47. 

Boyden, E. A., and L. G. Rigler, 1934: Localization of Pain Accompanying Faradic Excitation of 
Stomach and Duodenum in Healthy Individuals, J. Clin. Investigation, vol. 13. pp. 833-851. 

Brady. J. V., 1950: The Paleocortex and Behavioral Motivation, Walter Reed Army Inst. Res., 
30-50, 48 pp. 

Bremer, F., and V. Bonnet, 1951: Convergence et interaction des influx afterenls dans lccorce 
eerebelleu.se, principe I’onctionnel du eervelet. J. de Physiologic, vol. 43. pp. 005-007. 

Briekner, R. M., 1930: 'Flic Intellectual Functions of the Frontal Lobes, The Macmillan Company, 
New York. 

Brierley, J. B., 1950: 'Flic Penetration of Particulate Matter from the Cerebrospinal Fluid into Spinal 
Ganglia, Peripheral Nerves, and Peri vascular Spaces of the Central Nervous System, J, 
Neurol. Neurosnrg. & Psychiat., vol. 13, pp. 203-215. 

Brizzee, K. 1L, 1919: Histogenesis of the Supporting Tissue in the Spinal and the Sympathetic 
Trunk Ganglia in the Chick, J. Comp. Neurol., vol. 91. pp. 129-140. 

Brodal, A.. 191-7: The Hippocampus and the Sense of Smell. Brain, vol. 70. pp. 179-222. 

Brodal, All’, 1940: Experimentelle Fiilersnchnngen fiber die olivo-eerebellare Lokalisation, Ztschr. 
f. d. ges. Neurol, u. Psychiat., Bd. 109, pp. 1-153. 

- . 1917: 'Flic Amygdaloid Nucleus in the Rat, J. Coin p. Neurol., vol. 87, pp. 1-10. 

-. 1948: 'Fhe Origin of the Fibers of the Anterior Commissure in the Rat, Experimental 

Studies, J. Comp. Neurol., vol. 88. pp. 157-205. 

-, 1949: Spinal Afl’eronts to the Lateral Reticular Nucleus of the Medulla Oblongata in the 

Cat. An Experimental Study, J. Comp. Neurol., vol. 91, pp. 259-295. 

Brodal, A., and A. C. Godstad, 1954: Rubro-eerebellur Connections; Experimental Study in Cat. 
Anal. Rec., vol. 118, pp. 455-485. 

Brodal, A., K. Kristiansen and J. Jansen, 1950: Experimental Demonstration of a Pontine Ilomologue 
in Birds, J. Comp. Neurol., vol. 92, pp. 23-70. 

Brodal, A., T. Szabo and A. Torvik. 1950: Cortieofngal Fibers to Sensory Trigeminal Nuclei and 
Nucleus of Solitary Tract. An Experimental Study in the Cat. J. Comp. Neurol., vol. 100, 
pp. 527-555. 

Brodie, B. B., A. lMetseher and P. A. Shore, 1955: Evidence that Serotonin has a Role in Brain 
Function, Science, vol. 122, p. 908. 

Brodal. A., F. Walhcrg. and T. Blackstad, 1950: 'Fermination of Spinal AfVerents to Inferior Olive 
in Cat, J. Neurophysiol., vol. 13, pp. 431—454. 








Bibliography 


571 


Brodmann, K.. 1907: Die Korlexgliederung ties Mensehen, J. f. Psychol, u. Neurol.. lid. 10. p. 231. 

-. 1909: Yergleiehende Lokalisalioiislehre der Grosshirnrinde, Barlh. Leipzig. 1909. 

-. 1910: Peine re Anatomic des Grosshirns. Lewandowsky's Handbuch der Neurologic, Bd. 

3. pp. '200-307. Berlin, 1910. 

Brodv, II., 19.77: Organization of the Cerebral Cortex. 111. A Study of Agin# in the Human ( erebral 
Cortex. J. Comp. Neurol., vol. 102. pp. 311-330. 

Brookover. Charles. 1911: The Nervus Terminalis in Adult Man, .1. Comp. Neurol., vol. 21. pp. 
131-133. 

_. 1917; r l'he Peripheral Distribution of the Nervus Terminalis in an Infant, .1. Comp. Neurol., 

vol. 28, pp. 349-300. 

Brown. .1. O.. and Y. P. Sal insky. 1931: Functional Restoration of the Paralyzed Diaphragm Fol¬ 
lowing Cross-union of the Yagus and Phrenic Nerves. Am. J. Med. Sc.. \ol. 222. pp. 013 0 
Brnce. A. N\. 1910: The Trad of Gowers. Quart. J. Kxper. Pliys.. vol. 3. p. 391. 

_ 1914 : Arcuate Nucleus in Man. the Anthropoid Apes, and the Mierocephahe Idiot. Rev. 

Neurol. & Psyehiat.. vol. 12. pp. 31-33. ... 

Brnce. A., and R. Muir. 1890: On a Descending Degeneration m the Posterior Columns m tlie 

Lumbo-sacral Region of the Spinal Cord. Brain, vol. 19. p. 333. _ 

Brnesch. S. R.. and L. B. A rev. 1942: The Number of Myelinated and l nmyelmated fibers m 
the Optic Nerve of Yertel,rates. .I. Comp. Neurol., vol. 77. pp. (i31-C03. 

Brim R 1923: Das Klcinbirn: Anatomic. Physiologic und Lnt wickhmgsgesclnchle. ^ ie a uu n 

‘ mul Yerbindnngen des Kleinhirns. Schweizer Arch. f. Nurol u. Psyehiat. Bd L. p. S ; ) 

Buchanan. A. IT. 1937: The Course of the Secondary Yeslibular fibers m the Cal. J. Comp. Neurol.. 

IR.cy. 'l\ C.. lTu! S Tlie * Neural Mechanisms of Athetosis and Tremor. J. Neuropath. & fNper. 

_iVlel'tri'eaJ" Kx'<'it Jl>ility and Cyloarchiteclnre of Premotor Cortex in Monkeys. Arch. 

Neurol & Psvehiat.. vol. 30. pp. 1203-1223. 

_‘ ,<)pp‘ r l'l,e Precentral Motor Cortex. Fnivcrsity of Illinois Press. I rbana. Ill.. < hap. ... 

_‘ !*<,-, 7 - Is There a Pvramidal Tract? Brain, vol. 80. pp. 37(1-392 

IRirns B I ’ 1933: The Distribution of Sympathetic Nerve Fibers to the llmd Limb ol the Cal. 
Oja,. S. la* n.™ olmiorias. *... >«■- 

■<« *•*- - 1 

_7 ’ [T’-.W m!. ran* 

_: i*.: Hist.. .In ->-••■».-rv,, H-on..;< £ ‘ . V 

— .r«, 

C»nJ’L^'l»U: Is I..a A- ... » ..* A '""" 

2. pp. 294-320. . , localization of Cerebral Function, ('ambridge. 

.. ,i, ... a- 1 ^ 

-"oo..: Bodily (’liaii^..* i", "liriU.m ' S,naS' on'Tho'ComliOous or A.-tivil.v in 

cIt . J- ' mvis. nn.l . . W.B ro)iim „ r IVnorvak-d II,-a,I lor D. loolma 

laical's,.oielion: W.U. Kv'id,.„Vo f.7 Amw.V A. W k. ra .«r C.ln-rs Iron. Ihc H'—.-Sy...- 

A a Fu';. (..r .w ... A"-- ™'- 

-I. I> IS#- . |(11 ..,| 1'iimlional I „l,'.aviations l,otu,.,',. Il.o ' IV K n..n I..... of I l.o 

.1. I1-. 0>>'. A""’. ’ ■ ..I... I Como, Xourol.. vol. I0K. |.p. .«-#». 

l'l Bn;l!.lc7nd:' On ll.e So.^nlily of C.aslrio Maoosa. Am. •' ' 

vol. 3(1. |>. l ot- |, ( .,| i,-Ions in ll.o IOk^.s Uonkoy. Amdmiiio Dopan-ra- 

. . . . .'^'" s ,,r ' ! '" 1 . . ." 

Xourol.. vol 10A. |.|> Aualysis or S,.l,ll...l.....'..- Il.vin.rkioosia in ll.o 

C arpenter. M • B.. and I . ■ • • 
















Anatomy of the Xervocs Systeai 


572 


with Special Reference lo Ablations of Agranular Cortex. .1. (’oinp. Neurol., vol. 95. pp. 
125 158. 

Carpenter, AL B., and C. S. Carpenter, 1951: Analysis of Sonialolopic Relations ol the ( orpus 
Luysi in Man and Monkey. Relation between the Site ol Dyskinesia and Distribution ol 
Lesions within the Subthalamic Nucleus. •). Comp. Neurol., vol. 95, pp. 319-370. 

('arpeuler, M. B.. and .1. Pines, 1957: The Rubro-lmlbar Tract: Anatomical Relationships. ( oursc, 
and Terminations in the Rhesus Alonkey, Anal. Ree.. vol. 128. pp. 171-185. 

Carpenter. M. B.. and (I. II. Stevens. 1957: Structural and Functional Relationships between the 
Deep Cerebellar Nuclei and the Braehium Conjunelivum in the Rhesus Monkey. .J. Comp. 
Neurol., vol. 107. pp. 109-1(53. 

Carrea. R. M. F.. and F. A. Melller, 1 !».>.>: Function of Primate Braehium Conjunelivum and 
Related Structures, J. Comp. Neurol., vol. I (hi. pp. 151-322. 

Carrea. R. AL Iv, M. Reissig, and F. A. Mettler, l!)t7: The ( limbing Fibers of the Simian and 
Feline Cerebellum. Experimental Inquiry into Their Origin by Lesions of the Inferior Olives 
and Deep Cerebellar Nuclei. .1. Comp. Neurol., vol. K7. pp. 321-3(55. 

dc (astro. F.. 192(5: Sur la Structure et L'lnnervatioil de la Claude Interenrol idienne. I rav. Lab. 
Reehereh. Biol. Iniv. Madrid, vol. 24, j»[>. 3(55-432. 

-. I927-1928: Sur la Structure el L'Inncrvation du Sinus Carotidicn, 1'rav. Lab. Reehereh. 

Biol. I niv. Madrid, vol. 25. pp. 331—380. 

-. 1932: Sensory Ganglia of the Cranial and Spinal Nerves. PenfiehLs Cytology and Cellular 

Pathology of the Nervous System, vol. I, p. 03. Paul B. Iloeber, New York. 

-. 1 J)3*2: Sympathetic Ganglia. Normal and Pathological, vol. 1, chapter 7 of Pen field's Cytology 

and Cellular Pathology of the Nervous System, Paul B. lloe her. Ni *\v York. 

Cauna. N., 1 St met are and Origin of the Capsule of Meissner s Corpuscle, Aunt. Ree.. vol. 124. 
pp. 77-93. 

Chambers, Win., 1043: Visceral and Rage Responses Elicited by Electrical Stimulation of the 
Interior of the Cat’s Cerebellum. Anal. Ree.. vol. 85, p. 330. 

Chambers. \Y. \Y.. and C. Liu. 1057: Cortieo-spinal Tract of the Cat. An Attempt to Correlate the 
Pattern of Degeneration with Deficits in Reflex Activity Following Neoeortieal Lesions, J. 
Comp. Neurol., vol. 108, pp. 23-53. 

Chang. II. T.. and T. C. Rtieh, 1040: The Projection of the Caudal Segments of the Spinal Cord to 

the Lingula in the Spider Monkey. J. Aunt., vol. 83. pp. 303-307. 

Chapman, \Y. I).. R. F. Livingston, and J. L. Poppen. 1050: Effects upon Blood Pressure of Electrical 
Stimulation of dips of Temporal Lobes in Alan, .J. Neurophysiol., vol. 13, pp. 05—72. 

Chase. AL R., and S. \Y. Ranson. 101 f: The Structure of the Roots. Trunk, and Branches of the 

Vagus Nerve. .1. Comp. Neurol., vol. 24. p. 31. 

Chen. AL P.. R. K. S. Lim. S. C. (Yang. and C. L. Yi. 1030: On the Question of a Alyeleneephalie 
Sympathetic (Amtre. Chinese J. Physiol., vol. 10. pp. 145-471. 

Chow. K. L.. 1051: Numerical Estimates of the Auditory Central Nervous System of the Rhesus 
Alonkcy, J. Comp. Neurol.. vol. 05. pp. 150-175. 

-. 1052: Regional Degeneration of the Thalamic Reticular Nucleus following Cortical Abla¬ 
tions in Alonkeys. J. Comp. Neurol., vol. 07, pp. 37-50. 

(’how. K. L., A. II. Riesen, ami I’. \Y. Newell. 1057: Degeneration of Retinal Ganglion Cells in 
Infant Chimpanzees Reared in Darkness. J. (’omp. Neurol., vol. 107. pp. 27-42. 

(’lare, AL II.. and G. II. Bishop. 1055: Dendritic Circuits: The Properties of Cortical Paths in¬ 

volving Dendrites, Am. J. Psvehiat., vol. 3. pp. 818-825. 

(dark, E. R.. and F. L. (dark. 1917: Alieroscopie Studies on the Regeneration of Aledullaled Nerves 

in tin* Living Alumina). Am. J. Anal., vol. 81, pp. 233-2(58. 

Clark. S. L.. 102(5: Nissl Granules of Primary Aileronl Neurones, J. ('omp. Neurol., vol. 41, p. 423. 

-. 1033: A Histological Study of the Tissues of Animals Surviving Complete Exclusion of 

Tliorneicolumbar Autonomic Impulses, J. (’omp. Neurol., vol. 58. pp. 553-501. 

-. 1031: Innervation of the Chorioid Plexuses and Blood Vessels within the Central Nervous 

System. .1. (Omp. Neurol., vol. (50. pp. 21-35. 

Clark. S. L., 1037: Innervation of the Intrinsic Muscles of the Eve of the ('.at, J. Comp. Neurol., 
vol. (5(5. pp. 307-325. 

-. 1908: Responses following Electrical Stimulation of the Cerebellar Cortex in the Normal 

( at. -I. Neurophysiol., vol. 2. j>j>. 19-35. 

(dark, S. L.. and James \Y. (Yard. 1037: Electrical Stimulation of the Cortex Cerebri of Cats, Arch. 
Neurol. & Psvehiat., vol. 38, pp. 027-013. 

Clark, \Y. E. LeGros, 1032: An Experimental Study ol Thalamic Connections in the Rat. Phil. 
Trans. Roy. Soe. Loudon, Series B, vol. 222, p. 1. 









Bibliography 


.573 


-. 11)3-2: The Structure and Connections of the Thalamus. Brain, vol. ,7.7. p. M)(>. 

. 10 IT: A Discussion o! the \ usual Pathways. I*me. Roy. Soc. Med., vol. 37. pp. 302—30L 
Clark. \\ . E. E.. and M. Mever. l!)t?: I he Terminal Connections of the Olfactory Traci in the 
Rabbit, Brain, vol. TO, pp. 301—328. 

Clark. \\ . M.. and S. L. Clark. 10.38: Electrical Stimulation of the Cerebellum in the Intact 
Fnaneslhetized Monkey. Anal. Rec.. vol. 130. p. 287. 

Clarke, R. II.. and Vidor Ilorslev, 100.T: On the Intrinsic Fibers of the Cerebellum, its Nuclei and 
its Efferent Tracts. Brain, vol. 2K. p. 13. 

Cochill. (!. E., 1002: The Cranial Nerves of Amblysloma Tigrinum. J. Comp. Neurol., vol. 12, 
pp. 20.3-280. 

-. 1!) 13: The Primary Ventral Roots and Somatic Motor Column of Amblysloma. J. Comp. 

Neurol., vol. 23. pp. 121-113. 

-. 101 t: Correlated Anatomical and Physiological Studies of the Growth of the Nervous 

System of Amphibia. I, J. Coni]). Neurol., vol. 21. pp. 1(51-223. 

Collier, .)., and F. Buzzard. 11)01: Descending Mesencephalic Tracis in Cal, Monkey, and Man 
Brain, vol. 24. p. I??. 

-. 1 !M)3: The Degeneration Resulting I mm Lesions ol Posterior Nerve Roots and Irom I rans- 

ver.se Lesions of the Spinal Cord in Man. Brain, vol. 2(5. p. .3.30. 

Collins. E. II.. 1 DAT: Localization of an Experimental Hypothalamic and Midbrain Syndrome 
Simulating Sleep. J. Comp. Neurol., vol. 100. pp. 0(51—01)7. 

Connor. G. T.. 11)41: Functional Localization within the Anterior Cerebellum. Proc. Soc. Exp. 
Biol., vol. 47. pp. 20.3-207. 

Cook. \Y. II.. J. II. Walker, and M. L. Barr. 19.31: A Cytologieal Study of Transneumnal Atrophy 
in the (’at and Rabbit. .). Comp. Neurol., vol. !)f. pp. 2(57-21)1. 

Corbin. K. B.. 1040: Observations on the Peripheral Distribution of Fibers Arising in the Mesen¬ 
cephalic Nucleus of the Fifth Cranial Nerve. •). Comp. Neurol., vol. 73. pp. 1.33-177. 

Corbin. K. B.. and F. Harrison. 1040: Function of the Mesencephalic Root of the Fifth Cranial 
Nerv e. .1. Neumphysioh. vol. 3. pp. 123-43.7. 

Covvgill. E. J., and W. F. Windle. 1012: Development of the Cranial Sympathetic Ganglia in 
the Cat. .1. Coni]). Neurol., vol. 77. pp. (!l!)-(53(). 

Crosby. E C.. and 'I'. Humphrey. 1011: Studies of the Vertebrate Telencephalon. Ill. The Amyg¬ 
daloid Complex in the Shrew (Blarina brevieauda) . .). Comp. Neurol., vol. SI. pp. 2S.»-3()a. 
Crosby. E. ('.. R. E. Voss and .1. W. Henderson. 10.72: The Mammalian Midbrain and Isthmus 
Regions. Part II. The Fiber Connections. I). The Pattern for Eye Movements on the Frontal 
Eye Field and the Discharge of Specific Portions ol this I-ield to and I hrough Midbrain 
Levels, J. Comp. Neurol., vol. 07. pp. 3.>7-384. 

Crouch. R. L., 1034: The Nuclear Configuration of the Thalamus ol Maeacus Rhesus. .1. omp. 

Neurol., vol. .30. p. 4.31. . ... . 

Curran E. J.. 1000: A New Association Tract in the Cerebrum with Remarks on the fiber tract 

Dissection Method of Studying the Brain. J. Comp. Neurol., vol 10 p. «b3. 

Curtis. II. J.. 1040: b.lercortical Connections of Corpus Callosum as Indicated by Evoked 1 oten- 

tinis. .1. Neurophysiol., vol. 3. pp. 407-413. . VT . , , 

Cushing. IF. 1003: The Taste Fibers and Their Independence ol the N. rigemmus. Johns Hopkins 

Hopkins Hospital Bulletin, vol. 11. p. 71. 

_ \ Note l pon the Faradic Stimulation of the Postcentral Gyrus ... Conscious I aticnls. 

Brain, vol. 32. pp. H~ob . > Q1 , 

_ 101 t: Studies on the Cerebrospinal El-nk J. Med. Research, vo 131. p. 1. 

_' pp,..; The Field Defects Produced by Temporal Lobe Lesions, brain, vo . 4b P- • |• 

Dandv W E 1010: Experimental 11 vdrocephalus. I rails. Am. Sing. Asso< .. vo . >. p. . . /. 

:V.|.C. M. I».I.Ji.l« a,„l VV. M. SlianUiii. IIM«: A <'«„„■ arahyo S u,ly ... ho ™ 

^ .. r i • ,1 11 11111*111 \eumn *J. (oin]). Neurol.. vol. pp. 1^' •>().). 

.. n,.,, <■«., a„, ... .... 

„ 3 |i 'T ',!j s'w Rails...,, CIO-, liali'.s of rolls lo Filx-rs au.l ,.I Myolmalo.! la l„- 

*. 

Davis^L*. L.'j.^Polloek. and T. T. Slone. 1032: \iseeral Pam. Sing.. Gviiee.. & ObM.. vol. •».>. 

„ao,(V .I I. IVK.I.O, Tl.o A;- Us .. Spasticity .I ..ality in 

Man. Arch. Neurol. & Psveliiat.. vol. 3-. ]>. • • 


JIIIIIIIU' 










574 


Anatomy of tiif Xfkvocs System 


Dawson, A. B.. 10.73: Evidence lor the Termination of Neurosecretory Filters Within the Bars 
Intermedin of tin* Hypophysis ol tin* Frog, Kami Pipiens, Anat. Roc., vol. 11:7, j)p. (53-(50. 
Dejerine, J.. 11)01: Amitomie des Centr<“S Nervenx, Paris, 11)01. 

-. 11)11: Semiologie d<*s affections du systeme nervenx. Paris, 101 t. 

Dekaban, A., 10.7(5: Oligodendroglin and Axis Cylinders in Rabbits before, during and alter Mye- 
linalion, Anat. Kee.. \ol. 12(5, pp. 111-122. 

Dogiel. A. S., 180(5: Zwei Arten sympatiseher Nervonzellen, Anat. An/,., Bd. 11 , pp. (1/0-087. 

-, 1008: Der Ban der Spinalganglien des Mensehen mid der Sa ngeliere, Gustav 1‘iseher, Jena. 

Donaldson. II. II., 1032: Brain Problem—in Relation to Weight and Form, Am. J. Psyehiat., vol. 
12. ]). 107. 

Donaldson. II. II., and D. J. Davis, 11)03: A Description of Charts Showing the Areas of the Cross- 
sections of the Unman Spinal Cord at the Level ot Each Spinal Nerve, J. Comp. Neurol., 


vol. 13, p. 10. 

Dow, R. S., 11)3(5: The Fiber Connections of the Posterior Parts ol tlx* Cerebellum in the Rat and 
Cat. J. Comp. Neurol., vol. (53. p. .>*27. 

-. 1038: Effect of Lesions in the Vestibular Part of the Cerebellum in Primates, Arch. Neurol. 

& Psyehiat.. vol. 40, pp. .*>()()—.>*20. 

-, 1038: Efferent Connections of the Flocculonodular Lobe in Macaca Mulatla, J. Comp. 

Neurol., vol. (58. pp. *21)7—30.7. 

-. 1030: Cerebellar Action Potentials in Response to Stimulation of Various Afferent Con¬ 
nections, .J. Neurophysiol., vol. 2, pp. .>43-.).*).). 

-, 104*2: The Evolution and Anatomy of the Cerebellum, Biol. Rev., vol. 17. pp. 170-220. 

Dowd. L. \\\, 1020: The Development of the Dentate Nucleus in the Pig. J. Comp. Neurol., vol. 
48. p. 471. 

Duncan. Donald. 10.73: On the Incidence and Locations of Nerve Cells in the Spinal White Matter 
of Two Species of Primates. Man and the Cynomolgus Monkey. J. Comp. Neurol., vol. 00, 
pp. 103-11.7. 

Duncan, D.. and L. L. Keyser. 1038: Further Determinations of the Numbers of Fibers and Cells 
in the Dorsal Roots and Ganglia of the Cat, J. Comp. Neurol., vol. (58. pp. 470-400. 

Ditsser de Barenne. J. G., 1021: Experimental Researches on Sensory Localization in the Cerebral 
Cortex of the Monkey. Proc. Roy. Soc., vol. B, 0(5. p. 272. 

Dnsser de Barenne. J. G.. II. W. Garol, and W. S. McCulloch, 1042: Physiological Neuronography 
of the Cortieo-strintal Connections. Res. Pnbl. Ass. Nerv. Aleut. Dis.. vol. 21, pp. 240-2(50. 

Eecles, J. C.. 10.71: Interpretation of Action Potentials Evoked in the Cerebral Cortex, Eleetroen- 
cephalog. & Clin. Nenrophysiol.. vol. 3. pp. 440-4(51. 

-, 10.77: The Physiology of Nerve Cells. Baltimore, Johns llopkins Press, p. 270. 

von Economo, C.. 1011: t. T ber dissoziierle Empfindimgslahmnng bei Ponstmnoren und iiber die 
zenlralen Balmeii des sen.si bleu Trigeminus, Jahrbiicher f. Psychiatric, vol. 32, p. 107. 

-. 1020: The Cytoarchitectonics of the Human Cerebral Cortex, Oxford l Diversity Press, 


Loudon. 

-. 1020: Der Zellanfbau der Grosshirnrinde und die progressive Cerebration. Ergebnisse d. 

Physiol.. Bd. 20, p. 83. 

Edinger. L.. 1887: On the Importance of the Corpus Striatum and the Basal Forebrain Bundle, 
Jour. Nerv. and Meat. Diseases, vol. 14, p. (574. 

-. 1011: \Orlesimgen iiber den Ban der nerviisen Zentralorgane des Mensehen mid der Tiere. 

F. C. W. Vogel. Leipzig. 

Edinger. L., and A. Wallenberg, 1003: Bericht iiber die Lcistungen auf dem Gebiele der Anatomie 
des Centralnervensyslems. 1!)() 1 —02. p. 1:72. 

EHasson. S.. P. Lindgren and B. I'vnas, 10:72: Representation in tlx* Hypothalamus and the Motor 
Cortex in the Dog of Sympathetic Vasodilator Outflow to Skeletal Muscles. \cta Plivsio- 
logiea Scandinavica. vol. 27, pp. 18-37. 

Elliott. II. C., 101.7: Cross-sectional Diameters and Areas of the Human Spinal Cord, Anat. Rcc., 
vol. 03. pp. 287-203. 

von Euler. C\, 10.70: Slow "Temperature Potentials” in the Hypothalamus, J. Cell. Comp. Physiol., 
vol. 3(5. pp. 333-3.70. 

Ewer, R. F., I!).77: El ho logical Concepts, Science, vol. 127. pp. :700-(503. 

Feiiidel. W., and W. Penficld, 10.3 1: Localization of Discharge in Temporal Lobe Automatism, 
A.M.A. Arch. Neurol. & Psyehiat., vol. 72. pp. (>():>—(530. 

I*'ein<lcl. William. 10.7(5: The Neural Pattern of the Epiglottis, J. Comp. Neurol., vol. 10.7, pp. 
2(50-280. 

Feindel, W., 10:31: Anatomical Overlap of Motor-units, ,J. Comp. Neurol., vol. 101, pp. 1-17. 












Bibliography 


5 1 o 


Eeiss. II. O.. 1914: On llie Fusion of Nerves. Quart. J. Exp. Physiol., vol. 5, p. 1. 

Ferraro. A.. and S. E. Barrera. 193.1: The Nuclei of the Posterior Iunieuli in Macacos Rhesus 
Monkeys. Arch. Neurol, & Psyehial.. vol. 33. p. 4(54. 

-, -. 11)3(5: Lamination of the Medial Lemniscus in Maeacus Rhesus, J. Comp. Neurol., 

vol. (>L p. 313. 

Ferrier. C.. 188G: The Functions of the Brain. G. P. Putnam’s Sons. New York. 

Fisher. C.. 11)37: The Site of Formation of the Posterior Lobe Hormones. Endocrinology, vol. 41, pp. 
19-41. 

Fisher. C.. W. R. Ingram, and S. NY. Hanson. 193.1: The Relation of the IIypolhalaimco-1 Iypo- 
pliv.seal System to Diabetes luspidus, Arch. Neurol. & Psyehiat.. vol. 3t. pp. 121-1(53. 

_ __ _ 1!)38: Diabetes luspidus and the Neuro-hormonal Control ol Water Balance, 

Edwards Brothers. Ann Arbor. 

Fleehsig, P.. I8!)(i: Geliirn und Seele. Leipzig. 

-. 189(5: Die Lokalisation der geisligen Yorgi'mge, Leipzig. 

Fleming. -J. F. R.. and F. C. Crosby. 19.1.1: The Parietal Lobe as an Additional Motor Area: 1 he 
Motor Effects of Electrical Stimulation and Ablation of Cortical Areas .1 and 7 m Monkeys. 

.1. Comp. Neurol., vol. 103. pp. I8.l-.114. , . ., 

Flyger. Costa, and F. B. E. 11 jehmp.ist. 19.17: Normal Variations m the Caliber of the Human 

Cerebral Aqueduct. Anat. Bee., vol. 14/. pp. L>l-I<»4. _ 

Foerster. ().. 1947: Cher die Vorderseiten.straiigdurchschnei<hiug. Arch. 1. 1 svcli., vol. b , p. / '• 

_ I()‘}] : The Cerebral Cortex in Man. Lancet, vol. 4. pp. 309-314. 

_ 1933: 'Phe Dermatomes in Man. Brain, vol. .10. pp. 1-39. 

_. 193(5: Symptomatology der Erkrankung des Ruckenmarks und seiner Wurzeln. llandbuc 

der Neurol Berlin. J. Springer, vol. .1. p. L 

_. The Motor Cortex in Man in the Lijtht of llnslilings Jin-kson s Onelrnie*. Itrain. 

_'in:;;!' Lribk c«r.ic*le KM*. Hamlin,,., .1. r Nenrol. lierlin. .1. Sp.i..«or^ v,;L « p. SaSh 

Foerslcl , 0„ .I 0. tinsel. 1113* Die V<n.ler,eitenst ra nplnrcl, s .lme,.lu„K hem, Me* hen. /.Uhr. 

K..is. oi:,. nF:.!.'';. m.-«,. 

Koley. J , Tnn!i"r S S. Dnllois. 10M: An Kx|,enn,en„,l Stn.ly of the Bootle* of the V.*o. Nerve 

For,]. D. 'ir 'aml aS’-rn't^ati. .,f 

Fox %%% - ; .. . 

- “‘T o„',p e s ::r“ 

Frecnam wCn,] J W Watts. .00: Hetro.rmle De.enenkion of the ... K„]h„vi„ s l>re- 

rro "':! 1 Lol | ,, J’"\v \vaHs'Vuo'"rs'v<Viosnr^ery in the Treatment of Mental Disor.lers ami 

FreCm 7;;,n^ahW !h,in. i-1 E,i..'cimries C ..- Sj^oU. IU Gastr „ i „, eslillul 

l-'reneh. J. 1).. B. W- P-ter. K. K. »«. «• ""f , 

rliaye anil l heialmn . sm„ a, . An Kvlra-lemnis, 1,1 Sensory System in the 

Freneli. J. M- Ve™«..o n.»l 1 • ,, 6! , 

i> • \ a i \ \rcli Neurol. X: I s\(iii<u.. 1 1 . , ,> ,• 

Brain. A.AI.A. Ami. 1 . i I( o(!.l W.Junk. Berlin. 

i?:; s lrYi M a„!i’f .mfi’i,'«fit,.aehkisene .. .w„ <. ^ 

. of the ••Motor- ami " Premotor- Areas, lira,,,., vol. 

,)S, j>. 311- , i x T c vs .i (>m Oxford l iuversitv Press, New ^ oik. 

-^t!S/sv!om: e a Stmiy Of Os,era. Itrain ,„ Primates am. Man. Vole J- »■<>'- 

,. „ 7 1 S-'S'n.c lMiysiologiear Basis of .he Three Major Cere.,e,la,• Sy„- 

U “"ilromes. Tr. •\^ 1 ' A Snn.nmry of Funetinnal Loealisakon, 

..lO.p.ht,. 















570 


Anatomy of the Nervous System 


Ion, J. F., and AF A. Kemmrd, 15)31: Study ol Flaccid ami Spastic Paralyses Produced by 
Lesions ol* the Cerebral ('orl( k \ in Priniales, A. Hcs. Nerv. & Ment. Dis., Proc., vol. 13. p. 158. 

Pulton. J. F., am I 1). Sheehan. 193.1: Tlu* l nerosseiI Lateral Pyramidal T'rad in Higher Primates, 
J. Anal., vol. (59, pp. 181-187. 

Gagel. ().. and 0. Bodcehlel. 1930: Die Topik nml fciiuTC Histologic der Ganglionzellgru ppen in 
<U*r Medulla oblongata mid im Ponsgebiel mil einem kurzen Iliuwcis anl die Gliaverhultnis.se 
nml die Histopathologic. Zlselir. I. d. ges. Anal.. Aid. I, vol. !)l. p. 180. 

(lull, F. .1.. I82.1 : Snr les rotielions du eer\ean, Paris. 

Gaskell, NY. 11.. 188(5: On llie Slrnelure, Disl rilmlion. and Funelion of the Nerves which Innervate 
the Visceral and Vascular Systems, .). Physiol., vol. 7. p. I. 

- . I DOS: The Origin of Vertebrates, Longmans. London. 

Gasser. II. S.. DIM: Conduction in Nerves in Relation to Fiber Types, vol. on Sensation, A. Res. 
Nerv. & Ment. Dis., Proe., vol. I.1. Williams and Wilkins, Baltimore. 

-, 1087: The Control of Excitation in the Nervous System, llarvev Lectures, 1936-37, pp. 

1 (JO—193. 

-, 19 H: The Classification of Nerve Fibers, Ohio J. Science, vol. 41, pp. 147—1.10. 

Gasser, 11. S.. and #1. Erlanger, 10 20: The Role ol Fiber Size in the Establishment ol a Nerve Block 
by Pressure or Cocaine. Am. .J. Physiol., vol. SS. p. .181. 

Gasser. II. S.. J. Erlanger. 1). W. Bronk. R. Lorenle de No. and A. Forbes. 1030. Symposium on 
the Synapse, .1. Neurophysiol., vol. 2. pp. 3(11-474. 

Gerard, M. W.. 1923: The Intramedullary Course of the Painful. Thermal and Tactile Afferent 
Impulses of the Trigeminal Nerve. Arch. Neurol. & Psyehiat.. vol. 0. p. 300. 

Gerard. R. W., 10.1.1: Biological Roots of Psychiatry. Science, vol. IFF pp. 22.1-230. 

Gerandt. B., 1040: Responses of Mammalian Vestibular Neurons to Horizontal Rotation and 
Calorie Stimulation. .J. Neurophysiol., vol. 12, pp. 173-184. 

Gesell, R., C. R. Brassfield and R. II. Lillie. 10.14: Implementation of Electrical Energy by Paired 
Hall -centers as Revealed by Structure and Function. J. Comp. Neurol., vol. 101. pp. 331-406. 

Gesell. R. J. Brieker. and C. Magee. 103(5: Structural and Functional Organization of the Central 
Mechanism Controlling Breathing. Am. .J. Physiol., vol. 117. p. 423. 

Getz. B.. and T. B. Sirnes, 1040: The Localization within the Dorsal Motor Vagal Nucleus. An 
Experimental Investigation, J. Comp. Neurol., vol. 00. pp. 0.1-110. 

Gilbert. G. J., 10.16: The Subcommissural Organ, Anal. Rec., vol. 12(5. pp. 2.13-26.1. 

Gilbert. P. W.. 1047: The Origin and Development of the Extrinsic Ocular Muscles in the Domestic 
Cat. J. Morph., vol. 81. pp. 1.11-103. 

Glees, 1\. and J. Cole. 10.10: Recovery of Skilled Motor Function after Repeated Small Lesions of 
Motor Cortex in Macaque. J. Neurophysiol., vol. 13. pp. 137-1 18. 

(ilees. 1\, and .). Seder. 10.11: Fiber Content of the Posterior Column and Synaptic Connections of 
Nucleus Graeiles. Zlselir. f. Zellforselumg. Bd. 36. pp. 381-400. 

Glees, l\, and E. Zander, 10.10: Der Tract us tcgmenlo-oli varis des Mensehen, Monatsehr. f. Psyehiat. 
u. Neurol., vol. 120. pp. 21-30. 

Gloor, P.. 10.1.1: Electrophvsiological Studies of Amygdaloid in Cat. Electroencephalog. Clin. Neuro- 
physiol.. vol. 7, pp. 223-242. 

Gobbel. N. A., and G. II. Liles. 194.1: Efferent Fibers of the Parietal Lobes of the Cat (Felis 
domeslieus), J. Neurophysiol., vol. 8. pp. 2.17-2(5(5. 

Goldstein, lx.. DIO: l'cbm* die aulsleigende Degeneration mid Querselmittsuuterbreehung des 
Riickenmarks (Tract us spinoeerebellaris posterior. Tract us spino-olivaris. Tract us spino- 
thalamieus), Neurol. Cent ralblal l. vol. 29. p. 807. 

Grantham. E. ( .. Dal: Prefrontal Lobotomy for the* Relief of Pain with a Report of a New 
Operative Technique. •). Ncurosurg., vol. 8, ]). 10.1. 

Gray, L. P., 192(5: Some Experimental Evidence on the Connections of the Vestibular Mechanism 
in the Cal, J. Comp. Neurol., vol. 11. p. 319. 

Green, II. D., and E. C. lloIV. 1937: Effects of Faradic Stimulation of the Cerebral Cortex on 
Limb and Renal Volumes in the Cal and Monkey. Am. J. Physiol, vol. 118, pp. 641-0.18. 

de drool. J., 19.17: Nonroseerelion in Experimental Conditions. Anal. Rec., vol. 127. pp. 210-212. 

Greucll. R. G.. 19.13: Central Nervous System Resistance. IN Age and Resistance to Temporary 
Arrest of the Cerebral Circulation. J. Comp. Neurol., vol. 99. pp. 117-133. 

Griiuhaum, A. S. F., and C. S. Sherrington, 1903: Observations on the Physiology of the Cerebral 
Cortex of the Anthropoid Apes, Proe. Roy. Soe., vol. 72. p. 1.12. 

Guttmau. L. and 1). Whitleridge, 1917: Effects of Bladder Distension on Autonomic Mechanisms 
After Spinal Cord Injuries, Brain, vol. 70, pp. 3(51-104. 





Bibliography 


O i I 


Halstead. \\., 15)3(!: I lie Effects of Cerebellar Lesions upon llie Habituation of Post-rotational 
Nystagmus. Comp. Psychol. Monographs, vol. 12. pp. 1-130. 

Hammond. \\. S.. and J. C. Ilinsey. 191.7: r I he Diameters ol the Nerve Fibers in Normal and 
Regeneration Xerxes. J. Comp. Neurol., vol. S3, pp. 75)-93. 

Hammond. W . S.. and ( . L. , ) ntemn. 15)17: Depletions in the Thoraeo-himbnr Sympathetic System 
hollowing Rcmoxal ol Neural Crest in the ( hick. J. C omp. Neurol., vol. <S(i. pp. *-23T—s2(>.">. 
Hammond. \\ . S.. I!>-!■!): Iormation ol the Sympathetic Nerxous System in the I'miik of the ('hick 
Embryo Following Removal of the Neural l ube. .1. Comp. Neurol., vol. 5)1. pp. (17-8.7. 
Hardesty. 1.. IDOL On the Development and Nature of the Neuroglia. Am. .1. Anal., vol. 3. p. 229. 
Hare. W. k.. 1DH: Aetixity in Isolated Symphalhelie Ganglia. Am. .) Physiol., xol. 131. pp. 2.71 — 


Hare. W. 

K.. 

15)11: A 

2.77 



Hare. W. 

K. 

. II. W. 


Hare. \V. K.. II. \V. Magoun. and S. W. Ranson, 15)37: Localization within the Cerebellum of 
Reactions to Karadie C erebellar Stimulation. .1. ('mop. Neurol., xol. (»7. pp. 11.7-182. 
Harman. P. J.. 15)17: On the Significance <>f Fissurntion of the Isoeortex. J. C omp. Neurol., vol. 87, 

pp. 101-108. 

Harris, A. .1., R. I lodes, and II. YY. Magoun. 1913: The Afferent Path of the Pupillodilator Reflex 
in the ( at. .). Nenrophysiok. xol. 7. pp. 2.31-213. 

Harrison, R. (L. 1900: Further Experiments on the Development of Peripheral Xerxes, Am. J. 
Anat., xol. .7. p. 121. 

-. 1910: The Outgrowth of the Nerve-fiber as a Mode of Protoplasmic Movement, J. Exp. 

Zobl.. \'ol. 9. p. 788. 

-. 1910: The Dexelopment of Peripheral Nerve-fibers in Altered Surroundings. Arehiv. f. 

Entxv. <1. Org.. xol. 30. zweiter Teil, p. la. 

-. 193.7: On the Origin and Development of the Nerxous System Studied by the Methods of 

Experimental Embryology, Proe. Roy. Sox*. London. Senes II, xol. 118. p. 1.7.7. 

Hartmann. J. F.. 1918: Mitochondria in Nerve Cell Bodies Following Section of Axones, Anal. 
Rec.. vol. 100. pp. 19-.79. 

Head. II.. 190.7: The Allerent Nervous System from a Nexv Aspect. Brain, xol. 28. p. !)!). 

-. 1918: Sensation and tin- (’erebral Cortex. Brain, xol. II. p. .77. 

Head. II.. and Cl. Holmes, 15)11: Sensory Disturbances from Cerebral Lesions. Brain, vol. 34, 

p. 102. 

-. 15)11: A Case of Lesion of the Optic Thalamus with Autopsy. Brain, vol. 31. |>. 2 *1. 


Head. II.. and T. Thompson. 15)00: The ('.rouping of Allerent Impulses Within the Spinal Cord. 
Brain, xol. 29. p. 337. 

] led it S.. 1911: Energy and Vision. American Scientist, vol. 32. pp. 1.79-177. 

Ileimberger, R. T.. L. \Y. Freeman, and N. J. Wilde. 1918: Sacral Innervation of the Unman Blad¬ 
der, .1. Xeurosurg.. xol. .7. pp. 1.71—104. 

Held. II.. 15)09: Die Eiilwicklnng <les Nervengewebes bei den W irbellieren. Barth. Leipzig. 
Hemphill', R. E.. and E. Stengel. 1910: A Study on Pure Word-Deafness. J. Neurol. & Psychiat.. vol. 

I lenselien S E 15)12- Spezielle Svmptomatologie und Diagnostik der int rakraniclleu Sehhalmal- 
f e kti o11c11. Lewandowsky's llamlbneh der Neurologic. Bd. 3. p. 707. Springer. Berlin, 1912. 
Ilensel. 11.. L. Strom, and Y. Zotterman. 151.71: Electrophysiologieal Measurements ol Depth ol 

Thermoreceptors. .1. Nenrophysiok. vol. 11. pp. 423-129. 

Ilerren. R. Y.. and L. Alexander. 15)39: Sulcal and Intrinsic Blood \ esse Is ol Human Spinal ( old. 

Arch. Neurol. & Psychiat.. vol. 11. PP- 078-087. 

Herrick, C. J.. 185)9: The Cranial and First Spinal Nerves ol Menidia. J. (omp. Nenioh. xol. .). 

_ P n) 17 : 3 The Internal Structure of the Midbrain and Thalamus of Xcelnrns. J. Comp. Neurol.. 

_ Am Vi i l rod net ion to Neurology. W. B. Saunders Co.. Philadelphia. 

_' j <)->()• The Brain x*f Rats and Men. 1’iiix ersity of Chicago Press 

l| (MT1( .k C j. and (L E. C'oghill. 191.7: The Development of Rellex Mechnnisnis m \mblystoma, 
Herrick.' CVoIy. ^ 918 ^ a'L aborat<u-y Outline of Neurology. W. B. Saunders Co.. 

„ ess Tlu- (iro.rnil Siil.slii.K-e of the Cenln.1 Nervous Systen. Heve:.le.l hy Mislo- 

IletA!'^Xv!!"j , ni,I J S. ( \\v'"'li*C-• ^ ^j”*1'*" 1 ' ASi "" S '° 

Adiposity in the Rat. J. Comp. Neurol., vol. x0, pp. hj 4JJ. 











578 


Axatomy of tiii-: Nervous System 


Tloymans. C., and J. J. Bouckacrt, 1030: Lcs Chcmo-rceeptours du Sinus Carotidicn. Ergebn. d. 
IMivsiol.. vol. 11, pp. -28 55. 

Ileymaus, C.. J. J. Bouckacrt. and I’. Regniers, 1033: Le Sinus Carotidicn cl la /one Homologue 
Cardio-aoi Tupie. G. Doin cl Cie, Paris. 

Hines. AL. 10-23: Tin* Development of the Telencephalon in Splienodon Puuelalnrn, J. Comp. 
Neurol., vol. 35. p. 483. 

_ 1 })37 - The Motor Cortex. Johns Hopkins Hospital Bulletin, vol. 00. p. 313. 

_pm: The Precentral Motor Cortex. Ed. by P. C. Huey, Fnivcrsity of Illinois Press, 

Frbana, Ill.. Chap. 18. 

Hinsey. J. C.. 10-27: Some Observations on the Innervation of Skeletal Muscle ol the Cal. J. Comp. 
Neurol., vol. 14. p. 87. 

_, 1030 : Three Types of Fibers. Going to Skeletal Muscle and its Blood-Vessels. A. Kes. 

Ncrv. & Aleut. Dis.. Proe., vol 0. p. 153. 

_ t 1037: The Central Auditory Pathways to the Temporal Lobes. The Laryngoscope, vol. 47, 

p. 378. . . 

Hinsev. J. C.. and 1L A. Phillips, 1040: Observations upon Diaphragmatic Sensation. J. Ncuro- 

phvsiol., vol. 3. pp. 175-181. 

Hinsev. J. C.. S. \Y. Hanson, and R. F. AIcNatlin. 1030: The Role of the Hypothalamus and Alesen- 
cephalon in Locomotion. Arch. Neurol. & Psychiat., vol. '23. p. 1. 

Hiseoe. II. B.. 1017: Distribution of Nodes and Incisures in Normal and Regenerated Nerve Fibers, 
Anal. Roe., vol. 99, pp, 447-475. 

Hodes. IF. S. M. Peacock. Jr., and R. G. Death, 1051: Influence of the Forebrain on Somatomotor 
Activity. I. Inhibition. J. Comp. Neurol., vol. 94, pp. 381—408. 

Hocrr. N. L.. 1030: Cvtological Studies by the Altmann-Gersh Freezing-drying Method. Anat. 
Rer., vol. (i(>, pp. 81—90. 

Hoeslcrmann, E.. 1011: Zur Kcnntnis der efferenten Kleinhirnbahnen. Neurol. Zentralbl.. 1011. p. 3. 
Hoff. E. C.. 1 f)3s2: The Distribution of the Spinal Terminals (Boutons) of the Pyramidal 1 raet. 
Determined by Experimental Degeneration, Proe. Roy. Soc. London, Series B. vol. Ill, 

p. ~-26. 

Hoff. E. C'.. and II. 1). Green. 1030: Cardiovascular Reactions Induced by Electrical Stimulation 
of the Cerebral Cortex, Am. J. Physiol., vol. 117. pp. 411-4-2-2. 

Hoff, E. C.. J. F. Kell. Jr.. N. Hastings. D. M. Slioles. and E. II. Gray. 1051: Vasomotor, Cellular 
and Functional Changes Produced in Kidney by Brain Stimulation. J. Neurophysiol., vol. 
14, pp. 317-33-2. 

Hogue. M. J.. 1047: Human Fetal Brain Cells in Tissue Cultures, Their Identification and Alotility, 
J. Exp. Zook. vol. 100. pp. 85-107. 

_, lOfi): Human Fetal Choroid Plexus Cells in Tissue Cultures. Anat. Rec., vol. 103. pp. 

381-300. 

- , 1053: A St inly of Adult Human Brain Cells Grown in Tissue Cult ures. Am. J. Anat., vol. 

03, pp. 307-4-27. 

Holmes, Gordon. 1017: 'The Symptoms of Acute Cerebellar Injuries Due to Gunshot Injuries, 
Brain, vol. 40. p. f01. 

-, 10-2-2: Clinical Symptoms of Cerebellar Disease. Lancet. vol. 1, pp. 1177 and 1-231; vol. 2, 

pp. 50 and 111. 

Holmes, C... and \Y. P. May. 1000: On the Exact Origin of the Pyramidal 'Tracts in Alan and Other 
Alnmiuals, Brain, vol. 3-2. p. 1. 

Holmes. G„ and \Y. T. Lister. 101(>: Disturbances of Vision from Cerebral Lesions with Special 
Reference to tin* Cortical Representation ol the Alacula, Brain, vol. 30, p. 34. 

Houjin. Ryolici, 1050: On the Nerve Supply of the Lung of the Alouse. with Special Reference to 
the Structure of the Peripheral Vegetative Nervous System, J. Comp. Neurol., vol. 10;>, pp. 
587-0-25. 

Hooker, Davenport, 105-2: 'The Prenatal Origin of Behavior. Fnivcrsity of Kansas Press, Lawrence, 
Kansas, pp. I 18. 

Horrax. G.. 1915: A Study of the Afferent Fibers of the Body Wall and of the Hind Legs to the 
Cerebellum of the Dog by the Method of Degeneration. J. Comp. Neurol., vol. 0, p. 307. 
Horsley. Victor. 1900: Note on the Taenia Poutis, Brain, vol. -2!). p. -28. 

-1000: The. Function of the So-called Alolor Area oI the Brain, Brit. AI. J.. 1000 , 2. p. 125. 

Horsley. Victor, and R. II. Clarke. 1008: The Structure and Functions of the Cerebellum Examined 
by a New Aid hod. Brain, vol. 31, pp. 1-5-P24. 

Huber, G. C.. 1800: A Contribution on I lie Aliuulc Anatomy of the Sympathetic Ganglia ol the 
Different Classes of Vertebrates, J. Alorpli., vol. 10, pp. -27-00. 











Bibliography 


579 


In 


-. 1013: The Morphology of the Sympathetic Nervous System. XVlIlh International C< 

ol Medicine. London. 1013: See. 1. p. '■Ml. 

Iluber, (i. ( .. and L. ( . ( rosby. 15)30: Somatic and Visceral Connections of the Dicneephalon. A. 
Res. Nerv. & Menl. Dis., Proc.. vol. 9. p. 199. 

Huber. (•. ( .. and S. R. Guild. 1913: Observations on the Peripheral Distribution of the Nervns 
Terminalis in Mammalia. Anal. Her., vol. 7. p. >->.>3. 

Humphrey. 1., 15)72: I lie Spinal bract ol the Trigeminal Nerve in Human Embryos between 7'7 
and S 1 weeks ol [Menstrual Age and its Relation to Early Petal Behavior. •). Comp. Neurol., 
vol. 97. pp. I f3 "209. 

Hyndman, O. R.. and J. Wolkin. 19 H: Sweat Mechanism in Man. Study of the Distribution of 
Sweat Fibers from the Sympathetic Ganglia. Spinal Roots. Spinal Cord and Common Carotid 
Artery. Arch. Neurol. & Psychial.. vol. 47. pp. 44(>-4(>7. 

Ingalls. N. \\., 15)14: The Parietal Region in the Primate Brain. J. Comp. Neurol., vol. -4. pp. 
">91—341. 

gram. \Y. R., 1940: Nuclear Organization and Chief Connections of the Primate Hypothalamus, 
A. Res. Nerv. & Mont. Dis., Proc.. vol. "20. pp. 197-21). 

Ingram, \Y. R.. F. I. llannctt. and S. \Y. Ranson. 193-2: File Topography of the Nuclei of the 
Dieneephalon of the Cal. J. Comp. Neurol., vol. 77. p. 333. 

Ingram. \Y. R.. and S. \Y. Ranson. 1937: 'The Nucleus of Darkschewilsch and Nucleus Interstitialis 
in the Brain of Man. J. Nerv. & Meat. l)is.. vol. SI. p. 127. 

Ingvar. Sven. 1918: Znr Pliylo- nnd Onlogenese des Klcinhirns. Folia Nenro-bilologica. Bd. 11. p. 
207. 

-. 1923: Centrifugation of the Nervous System. A Method of Neurocvtologie Study, Arch. 

Neurol. &: Psychial.. vol. 10. p. 207. 

Jacobsolm. L.. 15)05): Cbm- die Kerne des menschlichen Hmislamms, Auhang zu den Abh. Preuss. 
Akad. \Yiss.. Physik.-Mnlh. Kl. 

Jansen. J.. 1970: 'The Morphogenesis of the Cetacean Cerebellum, •). Coni]). Neurol., vol. 93, pp. 
311-400. 

Jasper. II.. 15)49: Diffuse Projection Systems: The Integration Action of the Thalamic Reticular 
System. Electroencephalog. & Clin. Neurophysiol., vol. 1. pp. 107-420. 

Jelgcrsma. (I.. Allas annlomieum Cerebri lmmani. Seheltema & llolkmna. Amsterdam. 

Ji mencz-Casle 1 la nos, J.. 15)15): The Amygdaloid Complex in the Mnuke.v Studied by Reeonstrue- 
tional Methods. J. Comp. Neurol., vol. 5)1. pp. 707-72(5. , 

Johnson. S. E., 15)18: On the Question of Commissural Neurons in the Sympathetic Ganglia. J. 

Comp. Neurol., vol. 29. p. 387. „ • • i> 

_ 1 «)->;>• Experimental Degeneration of the Extrinsic Nerves of the Small Intestine m Re¬ 
lation to the Structure of the Myenteric Plexus. J. Con.]. Neurol., vol. 38. p. 299. 

Johnson. S. E.. and M. L. Mason. 15)21: The First 'Thoracic While Ramns Co.nm.nncans m Man, 

J. Comp. Neurol., vol. 33, ]>. 77. 

Johnston. J. B.. HM)1: The Brain of Aeipenser. Zool. Jahrb.. Bd. 27. pp 1-201. 

_ ]()()<): The Morphology of the Forebrain Vesicle m \ erlebrales. J. Comp. Neurol., vol. 1 , 

_ 1 ]5)05): 'The Radix Meseoeephaliva Trigemini. J. Coin]). Neurol., vol. 19. PP- .>5)3-014. 

_* imo. The Telecephalon in Cycloslomes. J. Corn]). Neurol., vol. 22. ]>. 311. 

_; nni; The Morphology of the Septum. Hippocampus, and PalT.nl Commissures m Reptiles 

and Mammals. J. Comp. Neurol., vol. 2.5. p. 3> I . ? , q ,o- 

_ 1*1 j].- The Nervns Terminalis in Man and Mammals. Anal. Rcc.. \ok 8 p. b.- 

_; ipmp Further Contributions to the Study of the Evolution ol the Torebram. J. Comp. 

Jolly. M'. A.' 1!)1H On Un^Tbne Relations of the Knee-jerk ami Simple Reflexes. Quart. J. Exp. 

Jones. C:-M 0L 1942: Van, Rom the Digestive Tract. A. Res. Nerv. & Me,it. Dis.. Proc vol. 23. 

Jones D's' 7 19kT The Origin of the Vagi ami the Parasympathetic Ganglion Cells of the Viscera 
' () f the ('hick. Anal. Rce.. vol. 82. ]>]>. 187-197. 

Jones. M. II.. IW'l: Seenn.l I'oin: HVt of Amloel:■ V^eulnr lies, 

. .. v u .. . .. ■».- 

physiol., vol. I-. PI’ . i5 ,, r Palsieoeortcx an,I An lii, orlex ... 

k"|'L« of' ll,« v'i". C-eoeonex, Are,,. Xeurol. .I l>s.ve„ia,„ vol. 4. P ,01. 











580 


Anatomy of tin-: Xeuvocs System 


-, |{)I4: The Phenomena ol' Nenrobiotaxis in the Central Nervous System. XVlItli Inter- 

national Con** 1 . Mod., Sor. I, part II, p. 10!). 

-, IJ) 17: Fmilicr Contributions on Nourobiotaxis, J. Coin]). Neurol., vol. PP* -01 

Kappcrs, (\ F. Arinis. C. C. Ilnher. and lv (’. Croshy. 193(5: The Comparative Anatomy of the 
Nervous Svstem of Vertebrates, Including Man. The Macmillan ('<).. New York. 

Karpins. J. I\. ami A. Krcidl, 1914: Kin Beil rag zur Kenntuis der Sclmierzleituug im Kiickeu 
mark. Pfliiger's Arehiv., Bd. I.IS. |). -7a. 

Keegan. J. J.. and F. I). Garrett. I94S: Tin* Segmental Distribution of the Cutaneous Nerves m 
the Limbs of Man. Anal. Her., vol. 102. pp. 109-437. 

Kempinskv, \V. II.. 19.11: Cortical Projection of Yeslibnlnr and Facial Nerves in C'at. J. Neuro- 
physiol., vol. I k pp. -03—^10. 

Kennard, M. A.. 193.1: Corticospinal Fibers Arising in the Premotor Area of the Monkey as 
Demonstrated by the Marehi Method, Arch. Neurol. &: Psyehiat., vol. 33, p. <>98. 

_, I < 114 : The Precentral Motor Cortex. Ed. by P. C. Buev, l niversity of Illinois Press, 

I rbana, HI. Chap. ix. 

Kennard, M. A., and .1. F. Fulton, 1933: The Localizing Significance of Spasticity. Reflex Grasping 
and the Signs of Bahinski and Rossolhuo. Brain, vol. 5(5. p. 213. 

_ 1941: Experimental 'I'remor and Chorea in Monkey and Chimpanzee. 1 r. Am. Neurol. 

A. (57th Ann. Meeting, pp. 1 £(5-130. 

Keswani. N. II.. and \V. 11. Ilollinshead. 19.1(5: Localization of the Phrenic Nucleus in the Spinal 
Cord of Man. Anat. Bee., vol. 125, |>I>- (583-(5!)9. 

King, A. B.. 193!): Nerve Endings in the Cardiac Muscle of the Rat, Bull. Johns Hopkins Hosp., 
vol. (55, pp. 489-499. 

King. R. B.. 1948: The Olivo-cerebellar System. The Effect of Interolivary Lesions on Muscle 
Tone in the Trunk and Limb Girdles. J. Coiup. Neurol., vol. 89. pp. 207-223. 

Kingsbury. B. F., 1922: The Enndamental Plan of the Vertebrate Brain, J. Comp. Neurol., vol. 
34, p. 401. 

Knighton, R. S.. 19.10: Thalamic Relay Nucleus for the Second Somatic Sensory Receiving Area 
in the Cerebral Cortex of the Cal. J. Comp. Neurol., vol. 9-2. pp. 183-191 
Koella. W. P.. 1958: Some Functional Properties of Optically Evoked Potentials in the Cere- 
hollar Cortex ot Cals, (to appear) . 

Koella. \Y. J.. and E. Gelliorn, 195t: The Influence of Diencephalic Lesions upon the Action 
of Nociceptive Impulses and Hypercapnia on the Electrical Activity ol the Cats Brain. 
J. Comp. Neurol., vol. 100. pp. 243-255. 

Kohnstamin. 0.. 1902: Der Nucleus salivatorius Chordae lympani (Nervi intermedii). Anal. Anz., 

vol. 21, pp. 3(52, 3(53. ^ 

_ < |9()3: Der Nucleus salivatorius inferior mid cranio-visceral System. Neurol. Centralblatt. 

Bd. 22. p. (599. 

Kolmstamin and Mimicking. 1910: Der Nucleus intermedins sensibilis als Hrspning einer gekreuzl 
an 1steigeudeii Balm (\isceralhalm), Relerat in Neurol, ( entralhl., Bd. 2!), p. <*<>■>. 

Kr,Hiker. 11., 1891: Zur fVmeren Anatomic des Centralnervensystems, Zeit. f. wiss. Zook, Bd. 51. 

p. 1. 

Krieg. \Y. J.. 1!H9: Connections of the Cerebral Cortex. II. Macacus Rhesus. A. 1'opography, J 
Comp. Neurol., vol. 91, pp. 1—38. 

KuIIler, (i. \V., ('. C. limit, and J. P. Quilliam. 1951: Function of Medullated Smaller Nerve 
Fibers in Mammalian Ventral Roots, Efferent Muscle Spindle Innervation, J. Neurophysiok, 
vol. 14. pp. 29-5 L 

Kmilz, A., 193L The Autonomic Nervous System, Lea Febiger, Philadelphia. 

Kmitz. A., and L. M. Na|)olitano. 195(5: Autonomic Ncurocffcctor Formations, J. Comp. Neurol., 
vol. 72, pp. 371-382. 

Kmitz. A., and M. \Y. Jacobs, 1955: Components of Periarterial Extensions of Celiac and 
Mesenteric Plexuses. Anat. Reo., vol. 123. pp. 509-520. 

Kmitz. A., and A. Morehouse. 1930: Thoracic Sympathetic Cardiac Nerves in Man, Arch. Surg., 

vol. c 20, pp. (i0? (51 3. ^ ^ 

Kmitz, A., ami L. M. Na])olilano, 1956: Autonomic Neuroeffector Formations. J. Comp. Neurol., 

vol. I0t. pp. 17-31. 

Lamlncrc, E. L.. 1910: The Origin of the Cranial Ganglia in Aineinrns. J Comp. Neurol., vol. 
20. pp. 30!)—U I. 

_, |9I(): The Origin of the Sensory Components of the Cranial Ganglia. Anat. Roe., vol. 4, 

pp, 71—7!). 

Landau. E., 1919: Nucleus Amygdalae, Ckuislrmn and Insular Cortex, J. Anat.. vol. 53. p. 351. 








Bibliography 


.081 


Nerves. Schiller's Text-book of 


L.u.oley, J X.. 1892: The Origin from the Spinal Cord of the Cervical and Cpper Thoracic Sym¬ 
pathetic Fibers. with Some Observations on While and Cray Kami Coninmnicantes. Phil. 
I rans. Roy. Soc., London, vol. IS.‘L p. \\[. 

. 1900: The Sympathetic and Other Related Systems ot 
Physiology, vol. 2. 

. 15)00: Remarks on the Results of Degeneration of the Cpper Thoracic White Kami Com- 
munieanles. ( hiefly in Relation to Commissural Fibers in the Sympathetic System, J. 
Physiol., vol. 25. p. IBS. 

. 1003: I he Autonomic Nervous System. Brain, vol. 2(5. p. 1. 

. 15)0t: On the (Question of Commissural Fibers Between Nerve-cells Having the Same 
I”unction, .1, Physiol., vol. 31. p. 2 44. 

Langley and Magnus. 15)05: Some Observations on the Movements of the Intestines Before and 
After Degenerative Section of the Mesenteric Nerves. .1. Physiol., vol. 33. p. 31. 

Langworthy. O. R.. 192 4: A Study ol the Innervation of the Tongue Musculature with Particular 
Relerenee to the Proprioceptive Mechanism. J. Comp. Neurol., vol. 3(5. p. 273. 

-. 15)33: Development of Behavior Patterns and Myelination of the Nervous System in the 

Human Fetus and Infant. Coutrib. to Fmbryol. no. 139. Publication no. 113 of the Carnegie 
Institution of Washington. 

-. 19.).): Newer Concepts of the Central Control of Emotions. Am. .1. Psyehiat.. vol. 3. 

pp. 481-48(5. 

Langworlhy. O. R.. L. C. Kolb, and L. C. Lewis. 1 i) 1-0: The Physiology of Micturition. William 
Wood and Company. Baltimore. 

Langworthy. 0. R.. and E. L. Murphy. 1939: Nervi' Endings in the ( rinnry Bladder. .J. Comp. 
Neurol., vol. 71. pp. IS?—a01). 

Lanier. L. II.. II. M. Carney, and W. I). Wilson. 193.5: Cutaneous Innervation. An Experimental 
Study. Arch. Neurol. & Psyehiat.. vol. 34. pp. I-(50. 

Larsell, ().. 1918: Studies on the Nervus Terminalis: Mammals. J. Comp. Neurol., vol. 30. ]). 1. 

-. 1919: Studies on the Nervus Terminalis: 'Flirtle. <1. Comp. Neurol., vol. 31. pp. 423-443. 

-. 1934: Morphogenesis and Evolution of the Cerebellum. Arch. Neurol. & Psyehiat.. vol. 

31. p. 373. 

-. 19.3a: 'Flic Development of the Mammalian Cerebellum. Anal. Ree.. vol. 01. p. 31. 

-. 1937: 'Fhe Cerebellum: A Review and Interpretation. \reh. Neurol. Jx Psyehiat.. vol. 

38. p. 380. 

-. 1952: The Morphogenesis and Adult Pattern of the Lobules and Fissures of the 

Cerebellum of the White Rat. J. Comp. Neurol., vol. 97. |>p. 281-35(5. 

_. 1933: 'Fhe Cerebellum of the Cat and the Monkey. .J. Comp. Neurol., vol. 99. pp. 

135—199. 

_, 1934: The Development of the Cerebellum of the Pig. Anal. Ree.. vol. 118. pp. 73-107. 

Larsell. O.. and R. S. Dow. 1933: Innervation of the Human Lung. Am. .1. Anal., vol. 52. pp. 125- 
14(5. 

Larsell. ().. and S. Von Berlhelsdorf. 1941: 'Fhe Ansoparamedian Lobule of the Cerebellum and 
its Correlation with the Limb Muscle Mass. J. Comp. Neurol., vol. 7a. pp. 313-340. 

Lasldev. K. S.. 1929: Brain Mechanisms and Intelligence, Cniversity of Chicago Press. 

_, 1931: Mass Action in Cerebral Function. Science, vol. 73. pp. 2 45-254. 

_ 19 43: Studies of the Cerebral Function in Learning: XII Loss of Maze Habit alter Occip¬ 
ital Lesions in Blind Rats. J. Comp. Neurol., vol. 79. pp. 43I-4G2. 

_ 1944: Studies of Cerebral Function in Learning: XII Apparent Absence of 1 ranseortieal 

Association in Maze Learning, J. Comp. Neurol., vol. 80. pp. 2.) 7-283. 

_ ] <),-,a : Functional Interpretation of Anatomic Patterns. ARXMD. vol. 30. pp. 

.-,09-34(5. 

Lasldev. K. S.. and (I. Clark. 194(5: 'Fhe Cy toarehiteet lire of the Cerebral Cortex of A teles: A 
Critical Examination of Arehileetonie Studies. J. Comp. Neurol., vol. S3. PP --3-303. 

I assek A. M.. 1940: The Human Pyramidal Tract: Numerical Investigation ol Betz Cells ol 

Motor Origin. Arch. Neurol. & Psyehiat.. vol. 44. pp. 718-7M. 

in... T| u . Human Pvramidal 'Fraet. Preliminary Investigation ol Llleet ol Hemiplegias 

vol. 3. pp. 1S9-I9-2. 

of the Rep- 
Mirol.. vol. 84. 


__ ] 9 pp The Human Pvranudal tract, rreiiinmarv inxesi.gauou o. ....... ... 

„„ I’ibcr Components oi' I'ynnni.ls. J. NemoMli. & Ex., N.a.rol.. vol. » pp. !«» 
T j. \ and J P. Evans. 194(5: The Human Pyramidal I raet XI\ . A Study < 

"" resenintion of ll.e CoRieo-spinul Tnuls in tlm Spinal Cord. J. Comp. Non., 

pp. 11 — 10 


T-.ssek A AI and G. L. Rasmussen. 1939: The Human Pyramr 
Analysis, Arch. Neurol. & Psyehiat., vol. 42, pp. 872-S70. 


Pyramidal Tract: A Fiber and Numerical 




















582 


Anatomy of thf Nfrvoqs System 


Lanrer, E. W., 19:5*2: Ipsilnleral Facial Representation in Motor Cortex ol Macaque, J. Neuro- 
plivsiol.. vol. 1.1. pp. 1-4. 

Laursen, A. M., I9.1.5: An Experimental Study ol Pathways Irom the Basal Ganglia, J. Comp. 
Neurol., vol. 10*2, pp. l-*2.5. 

LaA’ellc. Arthur, 19.5(5: Nucleolar and Nissl Substance Development in Nerve Cells, J. Comp. 
Neurol., vol. 10 f, pp. l7;5-*20.5. 

Levin. P. M., 19.3(5: 'I'he Efferent Fibers of the Frontal Lobe ol the Monkey. Macaca Mnlatta. 
J. Comp. Neurol,, vol. (53. pp. 30!)—H9. 

--, 1914: The Precentral Motor Cortex. Ed. by P. C. Bucy, I niversily ol Illinois Press, 

Irbana. III.. Chap. Y. 

Levin, l*. M.. and F. K. Bradlord, 1938: The Exact Origin ol the Corticospinal I ract in the 
Monkey. J. Comp. Neurol., vol. 08. pp. 41 1—4*2*2. 

Lewandowsky. M., 1907: Die Fnnkliouen des zenlralen Ner\ensyslems, Jena. 

Lewis. T.. 1942: Pain. The Macmillan Co.. New York. 

Lewis. \Y. II.. 1910: The Development of the Muscular System, Keibel and Malls Manual of 
Unman Embryology, vol. 1. p. 4.1 b 

Lima. P. A., 19.10: Cerebral Angiography, Oxford l niversily Press. London. 

Limlgren. P.. A. Rosen. P. Strandberg and B. I vuiis, 19.1(1: I lie Sympathetic \ asodilalor Outflow—A 
new Cortieo-spinal Autonomic Pathway, J. Comp. Neurol., vol. 10.1, pp. 9.1-109. 

Linowieeki. A. J., 1914: The Comparative Anatomy of the Pyramidal Tract, J. Comp. Neurol., 
vol. 24, p. .109. 

Liu. C. N., 19.1(5: Afferent Nerves to Clarkes and the Lateral Cuneate Nuclei in the Cat, A. M. A. 
Arch. Neurol. & Psychial., vol. 7.1. pp. (57-77. 

Liu, C., II. L. Bailey, and \V. F. AYindle. 19.50: An Attempt to Produce Structural Changes in 
Nerve Cells by Intense Functional Excitation Induced Electrically, J. Comp. Neurol., vol. 
92, pp. 1(59-181. 

Liu. C. N.. and \Y. \Y. Chambers, 19.1.5: Intrnspmnl Sprouting Elicited from Intact Spinal Sensory 
Neurons by Adjacent Posterior Root Section, Am. J. Physiol., vol. 183. p. (540. 

Liu. C.. and AY. AY. Chambers. 19.18: Intraspinal Sprouting of Dorsal Root Axons, A. M. A. Arch. 
Neurol. & Psychial., vol. 79. pp. 4(5—(51. 

Loewi, 0.. 194.5: Chemical Transmission of Nerve Impulses, American Scientist, vol. 33. pp. 1.19-174. 
Lorente de No. R.. 1933: A estibulo-Ocular Reflex Arc. Arch. Neurol, & Psychial., vol. 30. p. -4.1. 

-, 1933: Studies on the Structure of the Cerebral Cortex, J. f. Psychial. u. Neurol., Bd. 

4.1, p. 381. 

MacLean. P. D.. N. 11. Ilorwilz and F. Robinson, 19.52: Olfaclorydike Responses in Pyriform Area 
to Non-olfactory Stimulation. Yale J. Biol. Med., vol. ‘■2.1, pp. 1.59-172. 

MacLean, P. D.. and J. M. R. Delgado. 19.13: Electrical and Chemical Stimulation of the Fronto¬ 
temporal Portion of Limbic System in the AA’aking Animal, EEC. vol. .1. pp. 91-100. 
MacNallv, A. S.. and A’iclor Horsley. 1909: On the Cervical Spinodmlbar and Spino-cerebellar 
Tracts and on the (Question ol To|)Ographical Representation in tin* Cerebellum, Brain, vol. 
32. ]). ‘237. 

McConnell, E. M.. 19.13: The Arterial Blood Supply of the Human Hypophysis Cerebri. Anal. Rec.. 
vol. 11.5, pp. 17.1-‘203. 

McCotler, R. E.. 1913: 'The Nervns Tenninalis in the Adult Dog and Cat, J. Comp. Neurol., 
vol. ‘23. pp. I T5-IY2. 

McCulloch. AY.. 1914: 'The Pre<vntral Motor Cortex. Ed. bv P. C. Bncy. I niversily of Illinois 
Press. Frbana. III.. CImp. A’lll. 

McDonald, J. A’., 19.53: Responses Following Electrical Stimulation of the Anterior Lobe of the 
Cerebellum m l nanesthelized Cals, J. Neurophysiol., vol. 1(5. pp. (59—81. 

McIntyre, II. I)., F. II. Mayfield and A. P. McIntyre. 19.14: Ventromedial Quadrant Coagulation 
in the Treatment of the Psychoses and Neuroses. Am. J. Psychial.. vol. 3, pp. 11*2—119. 
Mckibben, P. S., 1911: Tbe Nervns 'Tenninalis in l rodcle Amphibia, .J. Comp. Neurol., vol. *21, 
p. *2(51. 

McKinley, AY. A., and II. AY. Magonn. 191*2: The Bulbar P rojeetion of llie Trigeminal Nerve, 
Am. J. Physiol., vol. 137, pp. C 2I7- V 23I. 

MoLanlv, Turner, I !).>.>: Observations on the Tormx ol the Alonkey: II. Tiber Studies, J. Comp. 
Nrnr., vol. 103, pp. 3 w 2(i-313. 

Magonn, II. \\., I!) K)i Descending ConiK^etions Irom the 1 lypothalamus, A. Ner\. IVIciiL. Dis., 
Proe., \ol. c 20, pp. ^70-^8.). 

-, 19 14: Bulbar Inhibition and Facilitation of Motor Activity, Science, vol. 100, pp. .MP-770. 





Bibliography 


583 


. 1!G0: Caudal an<l Cephalic Influences of the Brain Stem Reticular Formation. Phvsiol 
lu‘v., vol. BO, pp. 4.39-4? I. 

McMurrey J. I).. NN . F. Bernhard. J. A. Taren. and E. \. Bering .Jr.. 13.70: I The Effect of ll.vpo- 
icrinia on the Prolongation of Permissible Time of Total Occlusion of the A Heron t Circula¬ 
tion oI the Brain. S.G.O.. vol. 1 ()->. pp. 7.7-S(>. 

Magmiii, II. \V.. I). Allas. W. K. Hare, and S. W. Hanson, 11)30: The Afferent Bath of the Pupillary 

Li<dil Reflex in the Monkey. Brain, vol. .73. p. 

Mao<mn. II. \Y.. NY. K. Hare, and S. NY. Hanson. 133.7: Electrical Stimulation of the Interior of the 

( erebellum in the Monkey. Am. J. Physiol., vol. I IT pp. 343-333. 

.• 11 Hanson. 1044: 'I'he Supraoptic Decussations in the Cat and Monkey. 

J- Comp. Neurol., vol. 7(>. pp. 43.7-4.73. 

Magmm. II. NY., and S. NY. Hanson. I DBA: The Central Path of the Light Reflex: N Study of the 
EHeel of Lesions. Arch. OphthaL vol. HI. p. 731. 

• • PD!>: Retrograde Degeneration of the Supraoptic Nuclei after Section of the 

Inlnndihular Stem in the Monkey. Anat. Rec.. vol. 7.7. pp. 107-143. 

M.igonn, II. NN.. S. NN. Hanson, and A. I let hennglon. I33K: Descending* Connections from the 
Hypotlialaums. Arch. Neurol. & Psyehiat., vol. 33. p. 1147. 

Malone. E. I - .. 11)10: Cher die Kerne des menschliehen Diencephalons. Neur. ('enlralhh. 1 !> 10. 

-. 1DI3: Recognition of Members of the Somatic Motor Chain of Nerve-cells by Means of 

a Fundamental Typo of Coll Structure. Anal. Hoc., vol. 7. p. 07. 

< IHHI: I lie Nucleus Cardiacus Nervi N agi and the Three Distinct hypes of Nerve-cells 
which Innervate the Three Different Tvpes of Muscle. Am. .J. Anal., vol. 1.7. p. 141 
M arhurg*, ()., 190 f: Die Physiologischr Kunktioii der klciuhirnsciUuistmuglmhn, Arch. I*. Anat. u. 
Phy.siol.. Physiol. Abt., Suppl. 1901, |>. h?7. 

Alargolis, (j.. A. k. Tarazi and k. S. (irimsou, 19.30: Contrast Alcdiuni Injury to tin* Spinal Cord 
Produced by Aortography. Pathologic Anatomy of the ExpcrimeiitaI Lesion. J. Xeiimsnrg., 
vol. IB. pp. Bt9-3(io. 

AI arinesco, AI. G. ? 11)0(3: Quelque.s rechiTche.s sur la morphologic normale el palhologiipie des cellules 
dcs ganglions spiiiaux ct .synipathiqucs de Idioinine. Lc Xcvraxe, t. S, p. 9. 

AI arshall. NN . II.. and C. F. Essig. 1!).7I: Relation of Air Exposure of Cortex to Spreading Depres¬ 
sion of Lean, •). Neurophysiol., vol. 1 t. pp. 4(!.7—473. 

Marlin. .). I\. 13.77: llemieliorea (IIcmiballisimis,) without Lesions in the Corpus Lnysil, Brain, 
vol. SO. pp. 1—10. 

Mauri. K.. I3IS: On the Finer Structure of the Synapse of the Maulliner Cell. J. Comp. Neurol., 
vol. 30, ]). 147. 

May. NY. P.. I30(>: The Afferent Path. Brain, vol. 4!). p. 7 14. 

Maynard. E. A.. R. L. Schultz and I). C. Pease. I!).77: Electron Microscopy of the Vascular Bed 
of Rat Cerebral Cortex. Am. J. Anal., vol. 100. pp. 403-433. 

Meltler. F. A.. 103.7: Corlicifugal Fiber Connections of the Cortex of Maeaea Mnlalla. .J. Comp. 
Neurol.. \ol. Ixi. |>|>. 441-4.70 and .703-.744: vol. Ixii. |»p. 403-431; vol. 03. pp. 43-47. 

-. 1014: Relation between Pyramidal and Exlrapyramidal Function, A. Nerv. & Ment. Dis., 

Proe.. \ <>l. 41. j*p. 1.70-447. 

Mever. I). R.. and ('. N.‘NYoolsey. 10.74: EHeel.s of Localized Cortical Destruction on Auditory 
Discriminative Conditioning in Cat. -J. Neurophysioh. \ ol. 1.7. |»|». 113-104. 

Miehailow. S.. 1311: Der Ban der zeutralen sympalhiselien Gauglien. Internal. Monatssehrifl f. 
Anal. n. Physiol.. \<>l. 4S. pp. 40-11.7. 

Monakow. ('. \ .. IS0.7: Experimentelle mid pathologisch-analomisehe rntersuehungen iiber die 
Haiibenregion. den sehhiigel und <lie Begin subthalamiea uebst Beilragen zur Kemitnis Iriili 
erworliener Gross- mid Kleinhirndefeete. Arehiv. f. Psych., vol. 47. 

__ 1013: /nr Keniitnis der (irosshirnanteile (N’ago-glossopliaryngeussehleile). Neurol. Centr., 

1013, |). 331. 

Moore. K. L.. and M. L. Barr. 10.73: Morphology of the Nerve Cell Nucleus in Mammals, with 
Special Reference to the Sex Chromatin. .1 Comp. Neurol., vol. 3S. pp. 413-431. 
de Moulin. F.. 1043: Beil rage zur Kemitnis des Banes der Ganglionzellen. Arch. I. Zelllorseliimg, 
Bd. 17. p. 3S0. v 

Miiller L. IT. 1300: Sludien iiber die Anatoinie mid* Histologic des .sympallnselieii (.renzstranges. 
XXN I Kongr. innere Med.. NNiesbaden. |». 07S. 

Muskens 1^ •) •).. 1311: An Anatomico-physiological Study ol the Posterior Longitudinal Bumlle 

in its Relation to Forced Movements. Brain, vol. 3(i. pp. 3.74- 14(i. 

Nawar. George. 1 !),7(»: Experimental Analysis of the Origin of the Automatic Ganglia in the Chick 
Embrvo. Am. J. Anal., vol. 00. pp. 1 1 3-.70.7. 









584 


Anatomy of tile Xervots System 


Nauta, \V. J. II., 195(5: An Experimental Study of the Fornix System in 111<* Hat, J. Comp. Neurol., 
vol. 101, |>|>. 217-271. 

Nauta, W. J. II.. and V. M. Huclier. I95L Efferent Connections of the Striate Cortex in the Albino 
Hat. J. Comp. Neurol., vol. 100. |)|>. 257-285. 

Nielsen. .1. M.. 1010: Agnosia. Apraxia, Aphasia; Their Value in Cerebral Localization, "2nd Ld., 
Haul H. lloeber. N(*\v York. 

Nieiner, \\. I ., and II. W. Magoun, 1017: Relionlo-spinal Tracts Influencing Motor Activity, J. 
Comp. Neurol., vol. 87. pp. 307-379. 

Nieiner, \V. T.. and .1. .Jimenez-Castellanos. 1950: Cortieo-llialamic Connections in the Cat as 
Hevealed by "Physiological Neuronography.” J. Comp. Neurol., vol. 93, p. 101. 

Nonidez, J. F., 193!): Studies on the Innervation of the Heart, Am. J. Anal., vol. 05, pp. 301-113. 
Norris, II. \\\, 1008: The Cranial Nerves of Amphiuma Means, J. Comp. Neurol., vol. 18. pp. 
.‘>27-.) 08. 

Ochs, S.. 19.78: Efleets of Spreading Depression on Direct Cortical ResjMUise Studied with an 
Island Technique. J. Neurophysiol., vol. *21, ])|). 1239—170. 

Ogawa. T., 1937: Fber den Tract us tectocerebellaris bei den Siiugetieren, Arbeiten aus dem Anal. 
Inst, der I niv. zu Sendai, vol. 20. p. 53. 

Olds. J., and Milner. H.. 1954: Positive Heenforeement Produced by Electrical Stimulation of Septal 
Area and Ollier Regions of Hat Brain, J. Comp, ic Physiol. Psychol., vol. 17. pp. 119-127. 
O’Leary, J. L., 1937: Structure of the Primary Olfactory Cortex of the Mouse, J. Comp. Neurol., 
vol. (57, pp. 1-31. 

Olszewski, J., 19.70: On the Anatomical and Functional Organization of the Spinal Trigeminal 
Nucleus, J. Comp. Neurol., vol. 92. pp. 101-413. 

Orioli, F. L.. and F. A. Meltler. 1950: Consequences of Section of the Simian Olivary Decussation, 
J. Comp. Neurol., vol. 100, pp. 319-338. 

Palay, S. F., 1953: Neurosecretory Phenomena in tlie llypothalamo-hypophysial System of Man 
and Monkey, Am. J. Anal., vol. 93, pp. 107-111. 

Palay, S., 1950: Synapses in the Central Nervous System, J. Biophysical & Bioehem. Cvtol.. vol. 
2. pp. 193-202. 

Pallie, W., G. \Y. Corner and A. G. McD. Weddell, 1951: Nerve Terminations m the Myometrium 
of the Rabbit. Anat. Ree., vol. 118, pp. 789-811. 

Papez. J. \\\, 192(5: Reticulospinal Tracts in the Cat. J. Comp. Neurol., vol. 11. p. 305. 

Pnpez, J. W., and L. R. Aronson, 1931: Thalamic Nuclei of Pilhecus (Macacus) Rhesus, Arch. 
Neurol. & Psyclhat., vol. 32. pp. 1 and 27. 

Papez. J. W.. and W. A. Stotler. 19K): Connections of the Red Nucleus, Arch. Neurol. & Psvehiat., 
vol. 11. pp. 770—71)1. 

Parker. G. 11., 1919: The Elementary Nervous System, J. B. Lippincolt Co., Philadelphia. 

-. 1929: The Neurofibril Hypothesis, Quart. Rev. Biol., vol. 1, pp. 155-178. 

Palin. C. F. A., 1935: 'The Nerve Net of the Actinozoa, J. Exper. Biol., vol. 12. pp. 11!), 139, 150, 
389. 

Pavlov. I. P.. 1927: Conditioned Reflexes, Oxford I diversity Press, London, 1927. 

Payne. J. T., S. L. Clark. J. W. Ward, and F. E. Cowden, 1913: Atypical Seizures Elicited by 
Electrical Stimulation of the Cerebrum in tin* Cat. Arch. Neurol. & Psyclhat., vol. 19, pp. 
214-253. 

Pearson, A. A.. 1915: Further Observations on the Intramedullary Sensory type Neurons Along 
the Hypoglossal Nerve, J. Comp. Neurol., vol. 82, pp. 93-100. 

-. 191-7: The Roots of the Facial Nerve in Human Embryos and Fetuses, J. Comp. Neurol., 

vol. 87. pp. 139-159. 

-. 191-9: 'The Development and Connections of the Mesencephalic Root of the Trigeminal 

Nerve in Man. .1. Comp. Neurol., vol. 90, pp. 1-1(5. 

. 191-9: Further Observations on the Mesencephalic Root of the Trigeminal Nerve, >J. Comp. 
Neurol., vol. 91, pp. 117—I9L 

Pease, I). (’.. 1955: Nodes of Ranvier in the Central Nervous System, J. Comp. Neurol., vol. 103, 
pp. 11-15. 

Pease, 1). C., and R. F. Baker, 1951: Electron Microscopy of Nervous Tissue, Anat. Rec.. vol. lit), 
pp. 505-529. 

Pcclc, T. L., 1912: Cytoarehiteeture of Individual Parietal Areas in the Monkey (Maeaea mulalla) 
and the Distribution ol the EHorent Fibers, J. Comp. Neurol., vol. 77, pp. (593—737. 

Penfield, W.. 1921: Oligodondrogha and Its Relation to Classical Neuroglia, Brain, vol. 17, p. 130. 

-, 1932: Cytology ami Cellular Pathology of the Nervous System, Paul B. lloeber. New York. 

-, 1937: The Cerebral Cortex and Consciousness, Harvey Lectures, Series 32, pp. 35-09. 








Bibliography 


585 


. 15)30. Observations on the Anatomy of Memory, Fol. Psyehial. Xenrolog. Xeuroehirurgioa 
Xeerl.. vol. .53. j>j). 3f5)-331. 

, 15)33: I lie I wenty-nintli Mandlsley Lecture: The Role of the Temporal Cortex in Certain 
Psychical Phenomena. J. Meat. Sc., vol. 101. pp. 431-463. 

Penfield. \\ .. and E. Bold rev. 15)37: Somatic Motor and Sensory Representation in the Cerebral 
( ortex ol Man as Studied by Electrical Stimulation. Brain, vol. 00. pp. 330-1-43. 

Pen field, \\and T. Rasmussen, 10.30: 1 lie Cerebral Cortex of Man. 1 he Macmillan Co., X V., 

pp. 248. 

Pcnfield. \\.. and K. Welch. 1010: Instability of Response to Stimulation of the Sensorimotor 
Cortex of Man. .). Physiol., vol. 100, pp. 3.58-36.3. 

-. -. 15)31: 'Die Supplementary Area of the Cerebral Cortex. Arch. Xeurol. k Psyehial.. 

vol. 66. pp. 280-317. 

Peterson. E. R.. M. R. Murray. 103.5: Myelin Sheath Formation in Cultures of Avian Spinal 
Ganglia. Am. .). Anal., vol. 5)6. pp. 310-333. 

Petrcn. 1\.. 1002: Ein Beit rag zur Erage vom Verlaufe der Bahnen der llautsinne im Riickenmarke, 
Skandinav. Arehiv. f. Physiol.. Bd. 13. p. 0. 

Piatt. Jean. 15)3.3: Regeneration of the Spinal Cord in the Salamander. J. Exper. Zook. vol. 120, pp. 

1 77-207. 

Pilcher. ( .. W. F. Mcaclinm. and T. J. Holbrook. 1017: Partial Excision ol the Motor Cortex in 
Treatment of Jacksonian Convulsions, Arch. Surg.. vol. 31. pp. 633-643. 

Pitts, R. F., 15)10: The Respiratory Center and Its Descending Pathways. J. Comp. Xeurol., vol. 
62. pj>. 60.5-62.5. 

Pitts. R. F.. 11. W. Magoun, and S. W. Hanson. 15)35): Localization of the Medullary Respiratory 
Centers in the Cat. Am. J. Physiol., vol. 126. pp. 67 3-685): vol. 127, pp. 6.51-670. 

Poirier. L. J.. and Eva Shnhnan. 15)34: Anatomical Basis for the Influence of the Temporal Lobe 
on Respiration and Cardiovascular Activity, J. Com]). Xeurol.. vol. 100, pp. !)!)-l 13. 

Poliak. S., 15)32: The Main Afferent Fiber Systems of the Cerebral Cortex in Primates. Cniversity 
of California Publications in Anatomy. Berkeley. 

Pollock. L. J.. and L. Davis. 15)30: The Reflex Activities of a Decerebrate Animal. J. Comp. Xeurol., 

vol. 30. ]). 377. ...... 

Pollock. L. J.. el al., 15)31: Defects in Regulatory Mechanisms of Autonomic Function in Injuries 

to the Spinal Cord. J. Xeurophysioh, vol. 14. pp. 83-5)1. 

Polyak, S.. 15)41: The Retina. Cniversity of Chicago Press, pp. 1-60/. 

Pomerat. C. AL. and Isaac Costero. 15)36: Tissue Cultures of Cat Cerebellum. Am. J. Anal., vol. 

5)5). p]). 211-217. . 

Pompciano. O.. and A. Brodal. 15)37: Experimental Demonstration of a Somalotopic; 

Rubrospinal Fibers in the Cat. J. Comp. Xeurol.. vol. 108. pp. 223-231 
Pool J. L.. and J. Rnnsoholf. 15)45): Autonomic Effects on Stimulating Rostral Portion of ( mgnlale 

Gvri in Man. J. Xeurophysioh. vol. 12. pp. 383-35)2. 
iV’hmm K II K L. Chow and J. Semmes. 15)33: Limit and Organization ol the ( ordeal 1 rojec- 
■ lion from lln- Merlinl Tl.almni. Nnelens in Monkey. J. Com,,. Neurol., vol. IIS ,,,, *!W-W«. 

Pn,mini. T. J.. I!W«: Similes on llic Cenlrnl Visual Syslem. II ami III. Areli. Neurol. A syelnal., 

vol. 16. pp. 283-300 and pp. 366-35)6. , . . . ,. , 

Putnam. T. J.. and I. K. Putnam. 15)26: Studies on the Central N lsual System. I. Arch. Xenro . 

& Psvchiat.. vol. 16. pp. 1-20. , , . , . ,. v | . . , ri • 

R-md R \V 15)34: An Anatomical and Experimental Study of the Cerebellar Nuclei and I heir 

Efferent Pathways in the Monkey. J. Coni]). Xeurol.. vol. 101. pp 167-223. 
i i. , (' I MiQi. Das SlHien. Springer, Berlin. 

Hanlon! S. \\'. 11)11: Xon-me,lullale,l N'erve-lil,ers in the Spinal Nerves. Am. J. Anal., vol. W. 

_'hu'ie; The Slrnelnre of the Spinal Ganglia ami or Hie Spinal Nerves. .1. Comp. Neurol.. 

_"ipl'm 'iVgeneralioo ami Hegeneraliou of Nerve-Fibers J. Neurol , vol. *i. p. ««• 

' ,||‘l The Fnseienlus Ceivl.rospinnlis in Hie All,mo Hal. Am. J. Ann ., vol. 1. |. HI- 

' Tin. Course Will,in the Spinal Cool ot the Non-nao I ..I la II Nn-r* ol llm Dorsal 

,, ' ■ . m.,,1,. ... I ra. I in Ihe Cal. Jr Comp. Neurol., vol. -hi, p. ->.,.). 

__ ’i'plT The frael of Lissaner ami the Snlistantin C.elntmosa ltolamh. Am. J. Anal., vol. 

_"l.'hm'nmyelrnalc.l Nerve-libers as Comluctors of I’l-otopallne .. Brain, vol. 38. 

p. 381. 


•aI Origin of 












586 


Anatomy of the Nervous System 


-, 1931: Cutaneous Sensory Fibers and Sensory Conduction, Arch. Neurol. & Psychial., 

vol. 2(>, p. 1 1^2. 

-, 193.): The Hypothalamus: Its Significance for Visceral Innervation and Emotional Ex¬ 
pression, Proe. College of Physicians ol Philadelphia, vol. 2, p. 222. 

-, 1940: Regulation of Body Temperature. A. Res. Ncrv. & Meat. Dis., Proe., vol. 20, pp. 

3 12-35)9. 

Ranson, S. \\\, and P. R. Billingsley. 1016: Afferent Spinal Paths and the Vasomotor Reflexes, 
Am. J. Physiol., vol. 12, p. 1(5. 

- - |()l({ ; The Conduction of Painful Allerent Impulses in the Spinal Nerves, Am. J. 

Physiol., vol. M). p. ;571. 

-, -, 1918: Studies on the Sympathetic Nervous System. J. Comp. Neurol., vol. 29, 


p. 30.). 

Ranson. S. W., and II. K. Davenport. 1931: Sensory l nmyelinated Fibers in the Spinal Nerves, 
Am. J. Anal., vol. 48, p. 331. 

Ranson. S. \V„ \V. II. Droegemneller. II. K. Davenport, and C. Fisher. 193a: Number. Size, and 
M velination of the Sensory Fibers in the Cerebrospinal Nerves, \'ol. on Sensation, A. Res. 
Nerv. k Meat. Dis. Proe.. vol. 1.). Williams and Wilkins, Baltimore. 

Ranson. S. W.. J. O. Foley, and C. I). Alpcrt. 1933: Observations on the Structure of the Vagus 
Nerve, Am. J. Anal., vol. 33, pp. 289-31.5. 

Ranson, S. W„ and J. 0. Ilinsey, 1930: Reflexes in the Hind Limbs of Cats After Transection of 
the Spinal Cord at Various Levels. Am. J. Physiol., vol. 94. p. 471. 

Ranson. S. W.. and W. R. Ingram, 1932: The Diencephalic Course and Ten.ation of the Medial 

Lemniscus and the Braehium Conjnnctivum, J. Comp. Neurol., vol. .50. p. 2.57. 

Ranson. S. W.. 11. Kabul, and II. W. Magonn. 1931: Autonomic Responses Obtained by Electrical 
Stimulation of the Hypothalamus. Preoptic Region and Septum, Arch. Neurol. & Psychial., 
vol. 33, p. 4(57. 

Ranson. S. W., and II. W. Magoun. 1933: Tlie Central Path of the Pupilloeonstriclor Reflex in 
Response to Light. Arch. Neurol. & Psychial., vol. 30, p. 111)3. 

-, -, 1939: The Hypothalamus. Ergebn. d. Physiol., vol. 41, pp. 56-1(53. 

Ranson, S. W.. and S. W. Ranson, Jr., 1941: Slrionigrnl or Nigroslrinlal Fibers, Tr. \m. Neurol. 
A., vol. G7. pp. 1 (>8-171. 

Ranson, S. W., S. W. Ranson. Jr., and Mary Ranson. 1941: Fiber Connections of the Corpus 
Striatum as Seen in Marchi Preparations, Arch. Neurol. & Psychial.. vol. 4(5. pp. 230-249. 

-. -. -, 1941: The Corpus Striatum and Thalamus of a Partially Decorticate 

Monkey, Arch. Neurol. & Psychial., vol. 4(5. pp. 102-41.5. 

Rasmussen, A. T., 1919: The Mitochondria in Nerve-cells During Hibernation and Inanition in 
the Woodchuck. J. Comp. Neurol., vol. 31, pp. 37-49. 

-, 1931: 'The Principal Nervous Pathways. The Macmillan Co.. New York. 

-. 1932: Secondary Vestibular Tracis in the Cal, J. Comp. Neurol., vol. .51, p. 143. 

-, 193(5: Traclus Teclo-spinalis in the Cal, J. Comp. Neurol., vol. (53. p. .501. 

-, 1938: Innervation of the Hypophysis. Endocrinology, vol. 23, pp. 283-278. 

Rasmussen. A. T.. and W. T. Peyton, 1941: 'The Location of the Lateral Spinothalamic 'Tract in 
the Brain Stem of Man, Surgery, vol. 10. pp. (589-7 1 0. 

-, -, 194(5: Origin of the Ventral External Arcuate Fibers and Their Continuity with 

the Stri iie M edullares of the Fourth Ventricle of Man, J. Comp. Neurol., vol. 84, pp. 32.5-337. 

Rasmussen. (1. L.. 19.50: Further Observations on the Termination of the So-called Olivary 

Peduncle, Anal. Ree., vol. 10(5. pp. (59-70. 

-, 19.53: Further Observations of the Efferent Cochlear Bundle, J. Comp. Neurol., vol. 99, 

pp. (51-74. 

Ray, B. S.. J. C. Mins, *v, and \\. A. Cieohcgan, 15)13: Observations on Distribution of Sympathetic 
Nerves to Pupil and l pper Extremity as Determined by Stimulation of Anterior Roots in 
Man, Ann. Snrg.. vol. 118. pp. (> 17—(>.5.5. 

Ray, B. S., and 11. (i. Wolff, 1911: Experimental Studies on Headache, Arch. Sing., vol. 41, pp. 
813-85(5. 

Raybuek, II. E., 19.5(5: Experimental Data on the Histogenesis of Canglion Cells in the Sympathetic 
'Trunk of the Chick. Anal. Ree., vol. 12 1. pp. (JOS—(J 17. 

Reid, R. W., 1889: 'The Relations Between the Superficial Origins of the Spinal Nerves from the 
Spinal Cord and the Spinous Processes of the Vertebrae. J. Mint. & Physiol., vol. 23, p. 313. 

Beimels, E. (5., and (llenn Albert Dinger, 19.5.5: The Relationship of Piluieyles to Neuroseerelion, 
Anal. Ree., vol. 122, pp. 193—203. 





















Bibi MOCHA PHY 


587 


(,e K‘"yy G- S.. 1040: The SlrucU.ro of Cells in Tissues ns Revealed by Mien,dissection IV. J. Comp. 
Neurol., vol. 48. pp. 441-4.57. 

Uetzms. .J., 1880: rnlersuclmngen liber die Nervenzellen der eerebrospinaleii Ganglion mid der 
iibrigen peripherischen Kopfganglien. Arch. I'. Anal. n. Physiol.. Aunt.. Allied, 1880. 

Relzlafl, Ernest, 10.,4: Neurohistologieal Basis for the Functioning of Paired 1 lalf-eeulers. .). Comp. 
Neurol., vol. 101. pp. 407-440. 

' • 10.57: A Mechanism lor Excitation and Inhibition of Mautlmer’s Cells in Teleosl: 

A Histological and Neurophysiological Study. .). Comp. Neurol., vol. 107. pp. 400-44.5. 
Rluneharl, 1). A.. 1018: 1 he Nervus 1-ascialis ol the Albino Alouse, J. Comp. Neurol., vol. 30, 

pp. 81-14.5. 

Richins, C. A., and I\. Brizzee. 1010: EHeet ol Localized Culaneous Stimulation on Circulation 
in Duodenal Arterioles and Capillary Bed, J. Neurophysiol., vol. 14. pp. 131 130. 

Riehler. C. P., and 15. G. Woodruff, 101.5: Luinb; ir S.vinpallielic Dermatomes in Man Determined 
by tile Electrical Skin Resistance Method, J. Nenroplivsioh, vol. S, |>|>. 

Riley. II. A., 1040: The Mammalian Cerebellum. A Comparalixe Study of the Arbor Vitae and 
Foliar Pattern. ARNMI), vol. (J. pp. 37—104. 

Riooli. I). McK., G. W. Wisloeki, and J. L. O Leary, 1010: A Precis of Preoplie. Hypothalamic 
and Hypophysial Terminology with Atlas, A. Res. Nerv. & Muni. Dis.. Proc., vol. 40. pp. 
3-30. 

Rodriguez-Peralta, L. A., 10.57: The Role of the Meningeal Tissues in the 1 lemalo-eneephalie 
Barrier. .J. Comp. Neurol., vol. 107. pp. 4.5.5-473. 

Rogers. F. T., 101<»: 'The Hunger Mechanism of the Pigeon and its Relation to the Central Nervous 
System. Am. .J. Physiol., vol. 11, pp. .5.5.5—.570. 

Root. \V. S., 1041: 'The I rinary Bladder. chapter 83. pp. 1147-1131 in Bard-Maelend*s Physiology 
in M oderu Medicine, the C. V. Mosbv Company. St. Louis. 

Rose. J. E.. and C. Woolsoy, 1040: Organization of the Mammalian Thalamus and Its Relationship 
to the Cerebral Cortex. Electroeneephalog. & Clin. Nenrophysiol., vol. 1. pp. 301-401. 
Ro.ssen. R.. II. Kabul, and J. P. Ainlcrson, 1013: Acute Arrest of Cerebral Circulation in Man. 
Arch. Neurol. & Psyehial., vol. 1. pp. .510-548. 

Rolhenberg. M. A.. I). R. Sprinsou and 1). Naehmanson. 1018: Site of Action of Acetylcholine, 
.J. Nenrophysiol.. vol. 11. pp. Ill-lit!. 

Rothmanu. VL. 1003: Zur Anatomic und Physiologic ties Vorderslranges, Neurol. Centralbl., Bd. 

44, p. 714. 

_ < i{)<)(>: ( her die Leilung der ScnsibililTil ini R iieken mark. Berlin, Klin. Wocheusehr., Bd. 

43. pp. 47. 70. 

-. 1007: l T bor die physiologische W’ertnng der eorticospinaleu (PyramidenQ Balm, Arch. t. 

(Anal, u.) Physiol., p. 417. 

Russell. G. V.. 10.54: The Dorsal Trigcmino-thalnmie Tract in the Cat Reconsidered as a Lateral 
Reticulothalamic System of Connections. .J. Comp. Neurol., vol. 101. pp. 437-403. 

Ruwaldl, M. M.. ami R. S. Snider, 10.50: Projections of Vestibular Areas of Cerebellum to the 
Cerebrum. .J. Comp. Neurol., vol. 101, pp. 387-401. 

Ryzen. Maria, and Berry Campbell. 10.5.5: Organization of the Cerebral Cortex. III. The Cortex 
of Sorex Paeificus. J. Comp. Neurol., vol. 104, pp. 30.5-443. 

Sabin. Florence. 1001: An Allas of the Medulla and Midbrain. Baltimore. 

Sachs. E.. 1000: On the Structure and Functional Relations of the Optic Thalamus. Brain, vol. 
34. p. 0.5. 

Samuel. E. P.. 10.53: Chromidial Studies on the Superior Cervical Ganglion ol the Rabbit, (aj 
Cauda I ly Projected Postganglionic Axons, (b) Intercalary 'CominissuraT' Neurons. .). Comp. 
Neurol., vol. 08. pp. 03-111. 

Sauer F. C.. 103.5: The Cellular Structure of the Neural Tube. J. Comp. Neurol., vol. 03. pp. 13-43. 
Schaffer." E."a.". 1800: Some Results of Partial Transverse Section of the Spinal Coni. Pme. Physiol. 
Soe. J. Plivsioh. vol. 4 1. p. 44. 

_ ](),(,: Experiments on the Paths Taken by Volitional Impulses Passing Iron, the ( ortex 

to the Cord: The Pyramids and the Ventrolateral Descending 'Tracts. Quart. J. Exp. Physiol., 

S |.mrer B and E Scharrer. 1011: Neurosecretion. VL N-Comparison between the Inter,erebrahs- 
‘ fanliacum-allalum System of the Inwcts and the Hypolhalamo-hypophysial System of the 

Vertebrates. Biol. Bull., vol. 87. pp. 414-4.51. • , 

Schmidt. C. F.. and J. II. Comroe. Jr.. 1010: Functions ot the Carotid and Aortic Bodies, I l.ys.oh 
Rev., vol. 40, pp. 113-157. 






588 


An \ to\i v or thk j\ [, ir \ oos Sr st k.\i 


Sell,I,ill. V. O.. 1M7: Tl,c Inlm.ns |W.» of the Nerve Ax.,,, J. Cell. & Comp. Il^raiol.. vol. ». pp. 
Selne'mer’ Leon. mi,I Artlmr Kling. IMli: The ltl,i,ici,ec|,l, i ,l.>n .' Hehnvinr. Walter Heed Army 

S.liulle"ll, v.m'w’.'an.l' I'' Tilney. 1915: Develop,,.I <>f U«: N’oirnxis ""j '“sH 3W 

the Stage „f T,ve„lv-..ne Samites. Annals New York A,ml. Se.enees. vol. . p|>. .IU-.)tb. 

Sr.It. I. Iv A. Maynar.l am. D. C. IW. Ih«, Eleetron Ylnaoseopy ol W an,I 

Neuroglia of Orel,,i,I Cortex ,„„l Corpus C alias,,,,,. An,. J _ Anat.. , . -II- ' ' . 

Seotl. I>aual.l. Jr., ami C. I). Clem.. IMS: liege,,era! ol Spinal Coni l ibers Cat, J. 

Co,,,,,. Neurol., vol. 10*. pp. ...... ,, . ,, 

Slianklin. \Y M.. M. Issi,lari,lex ami T. K. Nassar. 1M7: Neuro.xeeretion ,„ the Human Cerebellum, 

J. ('oinp. Neurol., vol. 107, pp. 317-337. xt l l uq 

Slmrill'. G. A.. 11)33: Cell Counts in the Primate Cerebral Cortex, J. Comp. Neurol., \ol. ,)8, pp. 

SS1 — M)0 

Sheinin.'.l”l..io»0: Typing of the Cells of the Mesencephalic Nucleus of the Trige.uiual Nerve in 
the Doe Bused on Nissl-Gra.mle Arrangement. J. Comp. Neurol., vol. oO pp. 10J-K5I 
Shen. Shih-ehang. P. Greenfield and E. J. Boell. 11)33: The Distribution ol Cholinesterase in *rog 
Brain. J. Comp. Neurol., vol. HD. pp. 717-743. 

Sherrington. C. S.. 1891: Experiments in Examination of the Peripheral Distribution of the oers 
of the Posterior Roots of Some Spinal Nerves. Phil. Tr. London (B). vol. 184. pp. 64 -/63. 

_ ( is«)4: On the Anatomical Constitution of Nerves ol Skeletal Muscles: with Rcmniks on 

Recurrent Fibers in the Ventral Spinal Nerve Root, J. Physiol, vol. 17, p. 211. 

_. |<)()(>: The Integrative Action of the Nervous System, Vale University lress. New Haven 

Sherrington. C. S„ and Graham, Brown. 11)13: Note on the Functions of the Cortex Cerebri, J. 

Phvsiol., vol. 4(5. p. 22. _ } . 

Shore, P. A.. J. A. R. Mead. R. G. Kuril/,man, S. Speetor and B. B. Brodie, l!)o/: On the 1 hysio- 

lo« r ie Significance ol Monoamine Oxidase in Brain, Science. \ol. 1-6, pp. 1003 1 ()(>4. 

Sichuan. M.. J. V. Brady. J. J. Boren. D. G. Conrad and A. Schulman. 1955: Reward Schedules and 
Behavior Maintained by Intracranial Self-stimulation, Walter Reed Army Inst. Res., 81-ao, 

Sinclair, D. C., 1 !).>;>: Cutaneous Sensation and the Doctrine ot Specific Energy, Brain, vol. /8, pp. 

;)S4-(il4. % - a r l 

Sinclair. J. G.. 1951: Development of Anterior Cerebral Nerve Plexus, Texas Rep. Biol. Med., 

vol. 9. pp. 811-814. . , _ . . A1 . 

Simpson. S.. 190-2: Secondary Degeneration Following Unilateral Lesions ol the Cerebral Motor 

Cortex. Internal. Monatssclirift f. Anal. u. Physiol., Bd. 19. 

Sj(">«|vist. ().. 1938: Studies on Pain Conduction in the Trigeminal Nerve, Acta Psychiat. et Neurol. 

Supplementum xvii. 'Tryckeri. Helsinglors. 

Smith, C. (L. 1951: Regeneration of Sensory Olfactory Epithelium and Nerves in Adult rrogs, 

Anal. Rec.. vol. 109. pp. 6(51-671. . . 

_ 195(5: Changes in Length and Position of the Segments ot the Spinal Cord A\it i 

Changes in Posture in the Monkey. Radiology, vol. 6(5, pp. -259-266. 

Smith. G. Elliot. 1895: Morphology of the 'True Limbic Lobe. Corpus Callosum, Septum Pelluei- 
duni and Fornix. J. Anal. & Physiol, vol 30, pp. 157-167 and 185-205. 

_ 1903; Further Observations on the Natural Mode of Subdivision of the Mammalian 

Cerebellum, Anal. An/., Bd. 23, p. 3(58. ^ ^ 

_ 1907: A New 'Topographical Survey of tin- Human Cerebral Cortex, J. Anal. & 1 liysiol, 

vol 41, p. 237. - T 

_ lj)| ; '5 ; The Central Nervous System, Cunninghams Anatomy, William Wood ic Co., New 

York. 

_ 1011): 'The Significance ol the Cerebral Cortex, Brit. M. J.. 1919, 2, p. 11. 

_ 1011): Morphology of the Corpus Striatum and Origin of the Neopallitim, J. Anal., vol. o3, 

p 071 

Smith 1\ U. and A. J. Akelailis. 1942: Studies on Corpus Callosum; Laterality in Behavior and 
Bilateral Motor Organization in Man Before and After Section of Corpus Callosum. Arch. 
Neurol. & Psychiat., vol 47. pp. 519-543. 

Smith. Marion C„ 1957: Observations on the 'Topography of the Lateral Column ol the Human 

Cervical Spinal Cord. Brain, vol. 80. pp. 2(53-272. 

Smith S. W., 1951: The Correspondence between Hypothalamic Neurosecretory Material and 
Neurohypophyseal Material in Vertebrates, Am. J. Anal., vol. 89. pp. 195-232. 










Bibliography 


589 


Smith. \\. K., 104.>: The Functional Significance of the Rostral Cingular Cortex as Revealed hv 
its Response to Electrical Excitation. J. Neurophysiol., vol. S. |)|». 211-2,36. 

Smythies, J. R., NN. C. Gibson and \. A. Purkis, 19.37: The Distribution and Morphology of 
Boutons Teriniiieaiix in the Ilumau Cerebrum. A Quantitative Study. .1 Comp. Neurol., 
vol. 108. pp. 173-223. 

Snider, R. S.. and J. R. Barnard, 1 041): Electro-anatomical Studies on the Afferent Projection to 
the Inferior Olive, J. Comp. Neurol., vol. 91. pp. 243-2.37. 

Snider. R. S.. and II. \Y. Magnum 1949: Facilitation Produced by Cerebellar Stimulation. .J. 
Neurophysiol., vol. 12. pp. 33.3-34:3. 

Snider. R. S.. and A. Stowell. 104-2: Evidence of a Projection of the Optic System to the Cerebellum. 
Anal. Rec.. vol. 82. p. .30. 

-. -. 1944: Electro-anatomical Studies on a Tactile System in the Cerebellum ol the 

Monkey. Anat. Rec.. vol. 88, p. 41. 

von Solomowiez, J.. 1908: Yom Centrum dev Subma.xillardriise, Neurol. Centralbl.. Bd. -7, No. 1.3. 
Speidel, C. C., 193.3: Studies on Living Nerves. IV Growth. Regeneration and Myelination of the 
Peripheral Nerves in Salamanders. Biol. Bull., vol. (»S. pp. 140-161. 

Spiegel, E. A.. 1934: Labyrinth and Cortex: the Electroencephalogram of the Cortex in Stimula¬ 
tion of the Labyrinth. Arch. Neurol. & Psvehiat.. vol. 31. pp. 409-482. 

Spiegel. E. A., and E. G. Szekelv. 19.3.3: Supersensitivitv of the Sensory Cortex Following Partial 
Deafferentation, EEG.. vol. 7. pp. 37.3-381. 

S])iegel. E. A.. II. T. NYyeis. C. NY. Orehinik and H. Freed. 19.3.3: The Thalamus and Temporal 
Orientation, Science, vol. 121, p. 771. 

SpiHer. \Y. G.. 191.3: Remarks on the Central Representation of Sensation. J. Xerv. & Meat. l)is., 
vol. 42. p. 399. 

Sprague. J. M.. 1947: A Study of Motor Cell Localization in the Spinal Cord of tin* Rhesus Monkey. 
Am. J. Anat., vol. 82. pp. 1-26. 

_ > ij) 5 i : Motor and Propriospinal Cells in the Thoracic and Lumbar Ventral Horn of the 

Rhesus Monkey, J. Comp. Neurol., vol. 9:3. pp. 103-124. . 

Sprague, J. M.. and NY. NY. Chambers. 19.34: Control of posture bv Reticular Formation and 
Cerebellum in tin* Intact. Anesthetized and l naiiesthelized and m the Decerebrate Cat. Am. 
.J. Physiol., vol. 176. pp. .32-04. 

Starling E II 1912: Principles of Human Physiology. Lea & Felnger. New York and 1 hiladelplua. 
Stella, G.. 1938: On the Mechanism of Production, and the Physiological Significance of “Apnensis. 

J. Physiol., vol. 93. pp. 10-23. . f N , „ v 

Stern. K.. 1936: Der Zellaufbau des menscldichen Mittellurns. /eilsch. f. d. ges. Neurol, u. 1 m- 

_ 1 938: Note on the Nucleus Ruber Magnoeellularis and its Efferent Pathway m Man, 

Brain, vol. 61. pp. 284-289. _ . . n , n l or 

Stewart. P.. 1901: Degenerations Following a Traumatic Lesion ol the Spinal Cord. Bram. \o. , . 


n. t 2"2 w 2. 

Stilwell, I). L , Jr., 19.5?: Regional Variations in the Innervation ol Deep tasciae am ; I )OIK mo.ses, 
Anat. Ree.. vol. 127. pp. 63:3-6o3. 

_ ! 9.37: The Innervation of Tendons and Aponeuroses. Am. J. Anat.. m>\. 100. 

S ,oll r'c. h A^«on«..M»i S on. and H. II. Jasper. 1951: Eleelropliysinlnnieal Si..die* nf 

Connections of Anterior Temporal Region in Cat. J. Neurophys.ol vol. I. pp n. 

Stonnonl. D. L.. 19-JO: Nerve Ending* and Secretory Activity in the SnlnnaMlIary Claud ol 

JTI- 053- An Ex^rimenPilllndy of the Cell* and Conneetion* of tin- Superior Olivary 

S ' , W Id'R 01 A mSuLo'« Tt^i^knl/mn, S,re of the ..In.-five 

....... 

..ti* s. , , 

; Zt. Some Obscrvalion* on the Course of the Fiber* fro.,. Clarke* C olunm ... the Norma 

Soda iThS and C. M. Brnoka. 1 «»: Belk-uhr ... on Neuron* ... Spmal 

Reflex Pathway, J. Neurophysiol., vol. PP- 1 









590 


yYXATOMV OF THE NeKVOCS SYSTEM 


Suli, T. II.. and Leo Alexander. 1030: Vascular System of the Human Spinal Cord, Arch. Neurol. & 

Psvehiat., vol. H. pp. (559-077. . , . 

Swank. R. L., 103(5: The Pyramidal Tracis. An Experimental Study ol the au< ,Cr 

Components in the Rabbit. Arch. Neurol. & l’syeluat., vol. 30. pp. a30 .»H 
Szen bigothai, J.. 191*: Die innere Gliederung des Oeuloinolorms Kernes, Arch. I. "• 1 cnen ‘ 

krank., vol. ll.*>, pp. I*?-I3,>. i i . r 1 

_, I!) PS: The Representation of Facial and Scalp Muscles m the Facial Nucleus, J. omp. 

Neurol., vol. SS. pp. *07-**0. v , 

_, U)H): Functional Hepresenlalion in the Motor Trigeminal Nucleus, J. Comp, .euro., 

vol. 00. pp. 111-1*0. , mQ 

_, l!)',(): The Elementary Yestibulo-ocular Reflex Arc, J. Neurophysiol., vol. 13. pp. 3.)o 4J8. 

Takashi M 1 Saksi and 11 . Fsizima. 1955: On the Terminal Neural Apparatus Delectable in the 
Retro peritoneum of Man—A Complex Pattern of Pacinian Corpuscle. Anal. Rec.. vol. 1**, 

Tan«- Pei-Chen, and T. C. Ruch. 1956: Localization of Brain Stem and Diencephalic Areas Con- 
trolling the Micturition Reflex, J. Comp. Neurol., vol. 10(5. pp. *13-* f >. 

Tarlov, 1. M., 1040: Sensory and Motor Roots of the Glossopharyngeal Nerve and the Vagus- 
Spinal Accessory Complex. Arch. Neurol. & Psyehiat.. vol. 44. pp. 1018-10*1. 

'I'hiele. F. II.. and Victor Horsley, 1001: A Study of the Degenerations Observed m the Central 
Nervous System in a Case, of Fracture-dislocation ol the Spine. Brain, vol. *4, p. ->10. 
Thomas, 0. L.. 1951: A Comparative Study of the Cytology ol the Nerve Cell with Relerenee to 
the Problem of Neurosecretion. J. Comp. Neurol., vol. 0.1i. pp. <3-101. 

Thompson, T.. 101*: A Case of Subacute Combined Degeneration ol the Spinal Cord Demon¬ 
strating the Nature of the Afferent Impulses in the Posterior Columns. Brain, vol. 34. p. 510. 
Tilney, F., 1011: Contribution to the Study of the Hypophysis Cerebri with Especial Reference 
to its Comparative Histology, Memoirs of the Wistar Institute ol Anatomy and Biology, 

No. *. 

_ 1013: An Analysis of the Juxlaneurol Epithelial Portion ol the Hypophysis Cerebri, In¬ 
ternal. Monalsschrilt I. Anat. u. Physiol.. Bd. 30, p. -5b. ^ ^ 

Tilney. F.. and II. A. Riley, 19*3: The Form and Function of the Central Nervous System, Paul B. 

lloeber. New York. c .. 

Torvik. A.. 105(5: Afferent Connections to the Sensory Trigeminal Nuclei, the Nucleus ol the soli¬ 
tary Tract and Adjacent Structures. An Experimental Study in the Rat. J. Comp. Neurol., 

vol. 10(5, 51-141. t . 

_ ]();;7 : The Ascending Fibers from the Main Trigeminal Sensory Nucleus. An Experimental 

Study in the Cat, Am. J. Anal., vol. 100, pp. 1-15. 

Torvik. A., and A. Brodal. 1057: The Origin of Reticulospinal Fibers in the Cat. An Experimental 

Study, Anal. Rec.. vol. 1*8. pp. 113-137. 

Tower, S. S., 1040: Pyramidal Lesion in the Monkey, Brain, vol. 03. pp. 3(5-90. 

Tower. S.. 1044: The Precentral Motor Cortex, Ed. by P. C. Bucy, l Diversity ol Illinois Press, 

Frbana, III., Chap. VI. 

Tozcr. F. M.. and C. S. Sherrington. 1010: Receptors and Affereuls of the Thiri.l, Fourth, and baxth 
Cranial Nerves, Proe. Rov. Soc.. B. vol. 8*. p. 450. 

Tsutsui. II.. T. Ban and T. Kurotsu, 1057: Experimental Studies on the Influence of the Hypo¬ 
thalamus upon the Pregnancy in Rabbits. Med. J. Osaka 1 niv., vol. 8. pp. 150-191. 

Tuuturi. A. R.. 1044: Audiofrecpiency Localization in Acoustic Cortex of Dog, Am. -J. Physiol., 
vol. 141, pp. 397-403. 

Turner, R. S., and W. J. German, 1041: Functional Anatomy of Braelnum Pontis, J. Neuro¬ 
physiol., vol. 4. pp. 19(5—*0(5. 

Frv B., and E. Gelhorn, 1030: Role of the Sympathetic System in Reflex Dilatation of the Pupil, 
J. Neurophysiol.. vol. *, pp. *68 —*/5. 

\'an Gehuchten. A., 1001: Rccherches sur les voies sensitives centrales. La \oie cent rale du trige- 
nieau. Lc Nevraxe, vol. 3, p. *35. 

_ 1903: Rccherches sur la voie acousl’upie cent rule, Le Nevraxe. vol. L pp. *53-300. 

_ 190 p Le corps resliforme et les connexions bulbo-ecrcbelleusus, Le Nevraxe, vol. (>. ]). 1*5. 

Van Gehuchten, A., and M. Molhant. 101*: Contribution a Ictude auatomique ilu nerf pneumo- 
gastrique, Le Nevraxe, vol. 13. p. 55. 

\au Ilarreveld, A., 1050: 'Flic Potassium Permeability of the Myelin Sheath of a Vertebrate Nerve, 
.!. Cell. Comp. Physiol., vol. 35, pp. 331-310. 

Van Rijnberk, G., 1008: Die neueren Beitriige zur Anatomie und Physiologic des Klcinlurns der 
Siiuger, Folia Neuro-biologiea, vol. 1, p. 535. 









Biblioc; ka pii y 


591 


\ an llijnberk. C.. 1908. 1!) 1 -2: Das Lokalizationsproblem im Kleinhirn, Ergebnisse der Physiol., 
Hd. vii, p. <5.73 and Bd. 12. p. .733. 

-. 1931: Das Kleinhirn. Ergebnisse der Physiol.. vol. 31. p. .792. 

Nan \ alkenburg. C. I.. 1913: Experimental and Palliulngico-nnaluiuical Researches on l lit* Corpus 
Callosum. Brain, vol. 3(5. p. 119. 

\ CM'liaarl. NN . •). C., 193S: Comparison of llie* Corpus Striatum and tin* Red Nucleus as Subcortical 
Centra of the C erebral Motor System. Psyehial. en Neurol., El. Anist. + 2. pp. (>?(» 737. 

-. 1919: l'lie (entral Tegmental Tract. .). Comp. Neurol., vol. 90. pp. 173 19-2. 

Veszi. ,J.. 1918: Intersuehungen liber die Erregungsleit ling in Knckenmark. Ztselir. f. allg. Physiol., 
vol. 18. pp. .78-92. 

Vogt. Cccile, 1909: Ea Myeloarchitecture <lu Thalamus dll Ceropitheipie, .1. f. Psychol, u. Neurol., 
Leipzig, vol. 12, p. 28.7 (ErgiinzungshefD • 

Vonderahe. A. R., 1937: Anomalous Commissure of the Third Ventricle, Nrch. Neurol. A Psyehial.. 
vol. 37. pp. 1283-1288. 

Walberg. Ered. 19.72: 'Flic Lateral Reticular Nucleus of the Medulla Oblongata in Mammals. A 
Comparative-Anatomical Study, J. Comp. Neurol., vol. 90, pp. 283-3+3. 

-. 19.7(5: Descending Connections to the Inferior Olive. An Experimental Study in the 

Cat. •). Comp. Neurol., \ol. 101. pp. 77-173. 

Walberg. Fred, ami A. Brodal. 19.73: Spino-pontine Fibers in the Cat. An Experimental Study, J. 
Comp. Neurol., vol. 99. pp. 2.71-287. 

-. 19.73: Pyramidal Trad Fibers from Temporal and Occipital Lobes. Brain, vol. 70. pp. +91- 

.708. 

Walker, A. E.. 1938: The Primate Thalamus. Fniversity of Chicago Press. 

-. 1938: The Thalamus of the Chimpanzee, J. Anat.. vol. 73. pp. 37-93. 

-. 19+0: 'Fhe Spino-thalamic Tract in Man. Arch. Neurol. K. Psyehial.. vol. +3. pp. 28+ 298. 

Wallenberg. A.. 190.7: Seknndare Bahnen aus dem froiitalen sensibeln I rigeminuskerne des 

Kainnchens. Anal. An/... Bd. 20. p. 1+•>. 

Walslie. F. M. R„ 1919: On the (ienesis and Physiological Significance ol Spasticity and Other 

Disorders of Motor Innervation. Brain, vol. +2. p. 1 
_ jpg.-;: On the "Svndr.. of the Premotor Cortex" (Fulton; and the Definition of the 

Terms “Premotor" and "Motor.” Brain, vol. .78. p. +9. 

_ 19+2: Anatomy and Physiology of Cutaneous Sensibility; A Critical Review, Brain, \ol. 0.», 

pp. 48—112. 

NNang. S. C.. and S. W. Bauson. 1939: Autonomic Responses to Electrical Stimulation ot the Lower 

Brain Stem, .). Comp. Neurol., vol. 71. pp. 137-4.7.7. , c . , 

_ _ ppp). Descending Pathways from the Hypothalamus to the Medulla and Spinal 

Cord. Observations on Blood Pressure and Bladder Responses, J. Comp. Neurol., vol. 71, 

Ward T \ "ih +8: The Cingular Cyrus: Area 2+. J. Neiirophvsiol.. vol. 1 L pp. 13-2 +. 

Ward. .). W.. 193(5: A Histological Study of Transplanted Sympathetic Carigha, Am. J. Anal.. \ol. 

_.^1938: 'Fhe Influence of Posture on Responses Elicitable from the Cortex ( erebri ol C ats, 

.1 Neiirophvsiol.. vol. 1. pp. +(>3-47.7. 

_ ,,)>>• Motor phenomena elicited in the unanesthetized annual by electrical stimulation of 

w J* - 

Wedded 1 'A.'^ L. CnUinann.bill'd E.‘ Cutman. P) + 1: Local Extension of Nerve Fibers into Denervateu 

A,v;„ „l Skill. J r,\' ( '."''Cll,''N.-iVrol'i-lb.4.lyiii,I llasii. for III.' SriiMilill ,1 I.r ruin 

‘ix K;. Ten,Ion. nml IV, ... 1 .."I -X IVvnlii,,,.. ™l. *. PP- 

... |, l .n li, ,f'’ 8 |) C Sim-lmr. .. W. M l'Vimk'l. I SI IS: An A.nilonii.-al Hnsi, for All,ml imi.s >>• 

X 1 . ™ ..... 

ininklrm . ... „f the Cnrnnsi,' Inslimlinn ,,f \ :„l„n K n„. 10 I. 

. . . ArH " 

Nn,„'„l ;!r,^; e rie,„,, »„l, l.,lr.„.,e.l..ll.,r,' ... Slu.li.-i. 

" ufscnsillki,;; Art'll. Xc„n,l. & IVydiial., vol. 48, pp. *»-S8l. 















Anatomy of thk Nervous System 


rm 


Weisenburg, T. II.. I5)3f: A Si inly of Aphasia, Arch. Neurol. & Psychiat., vol. 31, !>• I 
Weisenburg. T. II., and S. S. Slack, 1923: Central Pain from Lesions ol the Ions, Arch. Neurol. 

& Psychiat., vol. 10. pp. 500-511. , . 

Weiss. P., 15)1:3: Experiments on Cell ami Axon Orientation in \ itm: I lie Hole ol Colloidal Exudates 

in Tissue Organization. .). Expcr. Zool., vol. 100. pp. 353-38(>. 

Weiss. P. and II. H. Iliseoe. 1018: Experiments on the Mechanism ol Nerve Growth. J. Exper. /mol., 

vol. 107, pp. 315-395. r , . . , . 

Weiss, P.. and II. Wang. 1030: Neurofibrils in Living Ganglion Cells ol the C hick. Cultivated in 

Yitro. Anal. Hoc., vol. 07. pp. 10.7-117. . 

Weiss. P.. and Mac V. Edds. Jr., 101.3: Sensory-Motor Nerve Crosses m the Hat, J. Ncurophysiol., 

vol. 8, pp. 173-101. . ,, • 

Welch. W. K.. and M. Kennard. 1011: Paralysis in Flexion and 1 remor m Monkey hollowing 

('ortical Ablations. J. Neurosurg., vol. 1. pp. 2:38-201. 

White. J. C.. and H. II. Smithwick. 1011: 'Die Autonomic Nervous System. 1 he Macmillan 

Company. New York. 

Whitlock. 1). G., and W. J. II. Naula, 10.30: Subcortical Projections from the temporal Neocortex 
in Macaca Alulalla. J. Comp. Neurol., vol. 100. pp. 183-212. ^ 

Wilkinson. II. J.. 1027: The Argyll-Robertson Pupil. Med. J. Australia, vol. 1. pp. 2(w--2/'2. 

-. 1929: The Innervation of Striated Muscle. Med. J. Australia, vol. ‘■2, pp. 708-793. 

Willard. W. A.. 10L3: The Cranial Nerves of Anolis Carolinensis, Bull. Museum Comp. Zool., 

Harvard, vol. 59, p. 17. . 

Willems. E.. 15)11: Les noyaux liiaslicateurs el meseneephalicpies du trigemeau. Le Nevraxe, vol. 

12. p. 7. , 

Williams. D. R„ and P. Teilelbaum. 19:30: Control of Drinking Behavior by Means ol an Operant- 

Conditioning Technique, Science, vol. 124, pp. 1294—1290. 

Wilson. J. G., 190:3: The Structure and Function of the Taste-buds ol the Larynx. Brain, vol. 28, 

p. 339. 

Wilson, J. G.. and F. II. Pike. 191:3: The Mechanism of Labyrinthine Nystagmus, Arch. Int. Aled., 
vol. 1.3, ]). 31. 

Wilson, S. A. K., 1912: Progressive Lenticular Degeneration, Brain, vol. 34. p. 295. 

_, 191 1: An Experimental Research into the Anatomy and Physiology of the Corpus Striatum, 

Brain, vol. 3G. p. 427. 

Wilson. W. C.. and II. W. Magoun. 1915: The Functional Significance of the Inferior Olive m the 
Cal. J. Comp. Neurol., vol. 83, pp. 09-77. ^ 

Win die, W. F„ 1920: Non-bifnrenting Nerve Fibers of the Trigeminal Nerve. J. Comp. Neurol.. 

vol. 40, p. 229. 

_. 1<)3I: Correlation Between the Development of Local Reflexes and Reflex Arcs in the 

Spinal Cord of Cal Embryos. J. Comp. Neurol., vol. 59, p. 487. 

-. 15)40: Physiology of the Fetus. W. B. Saunders Company, Philadelphia. 

-, 1955: Regeneration in the Central Nervous System. Charles C 1 lioinas, Springfield, Ill. 

Windle, W. F„ and W. W. Chambers, 19.30: Regeneration in the Spinal Cord of the Cat and Dog. 
J. Comp. Neurol., vol. 93, pp. 241-257. 

Windle. W. F.. J. E. O'Donnell, and E. E. Glasslmgle, 1933: The Early Development of Spontaneous 
and Reflex Behavior in Cat Embryos and Fetuses, Physiol. Zool., vol. 0, p. 521. 

Wisloeki, G. B.. and E. W. Dempsey. 191-8: The Chemical Cytology of the Chorioid Plexus and 
Blood Brain Barrier of the Rhesus Monkey (Mncaea Mulalla), J. Comp. Neurol., vol. 88, 
pp. 319-345. 

Wisloeki. G. B„ and E. M. K. Ceiling. 1930: The Anatomy of the Hypophysis of Whales. Anal. 
Rce., vol. 0(5. pp. 17-41. 

Wisloeki. G. B„ and 1C II. Leduc. 19.34: The Cytology of the Subcommissural Organ. Reissner’s 
Fiber, Periventricular Glial Cells and Posterior Collieular Recess of the Rat’s Brain. J. 
Comp. Neurol., vol. 101, pp. 283-309. 

-, -. 19.30: On the Ending of Reissuer's Fiber in the Filinn Tcrniinale of the Spinal Cord. 

J. Comp. Neurol., vol. I0I-. pp. 493 .317. 

Wold ring, S.. and M. N. J. Dirken. 1951: Site and Extension of Bulbar Respiratory Center. J. 
NYiirophysioL vol. IK pp. W. 

Wolf, G. A.. Jr.. 19 H: The Ratio of Preganglionic Neurons to Post ganglionic Neurons in the 
Visceral Nervous System, J. Comp. Neurol., vol. 7a, pp. -37—^43. 

Wolff. 11. G., 1938: The Cerebral Blood Vessels—Anatomical Principles, A. Res. Nerv. & Ment. 
Dis., Proe., vol. 18, pp. 29-08. 

-, 1913: Pain, A. Res. Nerv. & Aleut. Dis., Proc., vol. 23. 










Bibliography 


.503 


Wolff. II. G.. and J. D. Hardy. 1047: On the Nature of Pain. Physiol. Rev., vol. -27. pp. 1(17-100. 

Wolff. II. G.. and S. Wolf. 1048: Pain. American Lecture Series. Charles C Liannas. Springfield. Ill. 

Woolsev, C. X.. 1043: Second Somatic Receiving Areas in the Cerebral Cortex of Cat, Dog and 
Monkey. Fed. Proe. Am. Soe. Exper. Biol., vol. -2. p. 55. 

Woolsev. C. N.. P. II. Settlege. I). R. Meyer, W. Spencer. T. P. Haniuy. and V M. Travis. 105-2: 
Patterns of Localization in Precentral and "Supplementary” Motor Areas am 1 Their Rela¬ 
tion to the Concept of a Premotor Area. ARXMI). vol. 30. |>|>. -238—-2(>(i. 

Yagita. K. von. 1000: Leber (lie Yeriinderung der Medulla oblongata naeli einseitiger Zcrstbrung 
des Striekkbrpcrs nebst einem Beitrag zur Anatomic des Seitenslrangkernes. Okayama 
Igakwai-Zassi. 1000. p. -01. 

Yntema. C. L.. 1044: Experiments on the Origin of the Sensory Ganglia of the Facial Nerve in the 
Chick. J. Comp. Neurol., vol. 81. pp. 147-107. 

Yntema. C. L.. and W. S. Hammond. 1045: Depletions and Abnormalities in the Cervical Sym¬ 
pathetic System of the Chick Following Extirpation of the Neural Crest. J. Exper. Zook, 
vol. 100, pp. -237--2G4. 

_ _ 1054: The Origin of Intrinsic Ganglia of Trunk Viscera from Vagal Neural Crest 

in the Chick Embryo. J. Comp. Neurol., vol. 101. pp. 515-541. 

-. 1055: Experiments on the Origin and Development of the Sacral Autonomic Nerves 


in the Chick Embryo. J. Exper. Zook. vol. 1-2!). pp. 375-413. 

Yoss. R. E.. 1053: Studies of the Spinal Cord. Part 11. Topographic Localization Within the Ventral 
Spino-cerebellar Trad in the Macaque. J. Comp. Neurol., vol. 00. pp. <» 13-038. 

Yuasn. R.. T. Ban and T. Kurolsn. 1057: Studies on the Electrocardiographic Changes during the 
Electrical Stimulation of the Hypothalamus of Rabbits, Med. J. Osaka l inv., vol. 8. pp. 
141-158. 
















Index 


The numbers in italics refer to the pages on which the structures are illustrated. 


Ahduckns nerve, paralysis, case illustrating. 440. 

See also Xerre, alxl nceus. 

Aberrant pyramidal libers. SIM) 

Accessory cuneale nucleus. See A ucleus, accessory 
cuncule. 

nerve. See Xerre. accessory. 

Accommodation of vision. 409 
Acetylcholine. III. 11(5. 181 

Acoustic. See Auditory and Xerre, stain-acoustic. 
Action potential in saphenous nerve ol eat, 115 
Adendroglia. 125 
Adenohypophysis. SOS. 311 
Adhesion, interthalamic. 49. 50 
Adiadoehokinesis, 290 
Adiposity and hypothalamus. 311 
Adrenal medulla, innervation. 152, 103 
Adrenalin. See Epinephrine. 

Adrenergic nerve libers. Ill 

Afferent cerebellar tracts. See 7 racts. spinocere¬ 
bellar. 

fibers, grouping in peripheral nerves, 383 
visceral. 133. 159 
neuron, development of, 93 
somatic. 139 
systems. 383-394 
Agnosia. 377 
Ala einerea. 40. 5 W 
Alar plate. 90. -37 
Alimentary tract, innervation. 416 
Alveus. 334. •»’.$•>. 344 
Amhlysloma, reflex origins, 180 
Ameba. '■2. 3 

Ammon's horn. See Hippocampus. 

Ainphioxus, (i 
Ampulla of Loren/ini. 547 
of semicircular canal. 5 17 
Amygdaloid body. 310. 333. See also Xucleus. 

destruction ol. 333 
“Anatomical position," 18 
Anemones. 3 
Anesthesia, areas of. l'H 
Angiography, cerebral. 85, S6 


Angular gyrus. 58 
Annelid, nervous system of. 0 
Anosmia. 340 
Anoxia. 83 

Ansa lenticnlaris. 301, OOfi, 509—5 I I. 577 
peduneularis, 301, 307/ 

Ansiform lobule, 45. 7?9. ■>0 , i. 539. 57/7 
Anterior commissure. See Commissure anterior 
cerebri. 

\nlidromie eonduetion. I I 1 

Aortic arch, nerves supplying, fill 

Aperture of fourth ventricle, lateral, 31. 5JO, 

5 J<S’ 

median, 34, 75 
Aphasia. 377. J7<S', 444. 145 
Apical dendrite. 100, 100, 102 
Apoplexy. 438, 441 
\praxia. 377 

A(|ueduclus cerebri (a<|ueduct ol Sylvius), 75, 31, 
227. hOh. 537 
Arachnoid, 23, 73. 73 
villi, 47 

Arbor vitae. 27(5 
Archipallium, 01, 328 
Arehistriatum, 333 
Arcuate libers, of cerebrum. 324 

of medulla oblongata. 200. 210. 213. 278 
external, 4 10, ^ 1 1 
dorsal. 3H3 
ventral. h^0 
internal. -Oih 
nuclei, 1 1, 173 
Area acustica. H . o 
of Broca. -> W 
ol cerebral cortex. 34*—38*2 
v sensory. 307 

suppressor zones, 3(54 
types of, 3.53 
varial ions in, 37a 
visual, 377 

olfactory, ol C ajal, 3 K5, 37 c 2 
oval, of Kleehsig, 11)7 
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Area, parolfactoria of Brora. See Subcallos(il 
a rca. 

postrema, 41, 450 
preoptie, •>45 
pyriform, 334, •>•> -\ 344 
speech, 3?(i. 37S 
suhrallosal, 337, 344 
Argyll Robertson pupil. 400 
Arterial circle of Willis, ?<S“, SO, SI 
Artery (or Arteries). anterior cerebral, 79, 79 
communicating, SI 
inferior cerebellar. 7 S 
auditory, 7S 
basilar, 77 
of brain, 77 

of cerebral hemorrhage, 81 
chorioidal. 09, 80 
cortical, 77 

inferior hypophyseal, 79 
internal auditory, 78 
carotid, 7S, 79. 270 
lenticulostriate, 81 
middle cerebral, 7S, 80, 445 
middle meningeal. 29 
ophthahnie, 80 
pontile, 7S 

posterior cerebellar. 7S 
cerebral. 78, ?<S’, 531 
communicating, 7S 
inferior cerebellar. 7S 
posterior thrombosis of, 439 
radicular. 84 
spinal, 84 
striate, 81 

superior cerebellar. 78 
vertebral, 77 

Ascending branches of dorsal root. 185 
degeneration of spinal cord, 105 
Association (“ciders in cerebral cortex. 370 
fibers, of cerebrum, 183. 344, 374 
neurons. 5, 384 

autonomic ganglia, 155 
Astroblast. OS 

Astrocytes, fibrous, 9.1 , 14 t. 12J) 
protoplasmic, 144. 121/ 

Ataxia. 400 
Athetosis. 317. 444 
Atropliy of muscle, I 10 
Auditory area of cortex, 370 
stimulation of, 371 
pathway. 434, 388 
radiation, 343 
receptive center, 370 
Auerbach, plexus of, 101 
Autonomic ganglia, origin, 05 
nervous system, 150—105 

and association neurons in. 155 
and bladder, 118 
and bronchioles, 110 
and cerebral cortex, 10 1, 300, 374 
and colon, 417 


Autonomic nervous system and heart, 410 
and salivary secretion, 115 
and stomach, 110 
Axon (axis-cylinder), 100 
development, 04 
hillock. 100 

reaction. See (dironmtolj/sis. 
of sympathetic ganglion cells, 155 
Axoplasm, movement of. 100 


Baillargek, lines of. 318 
Band, diagonal, of Broca. 334, 332 
Barrier, hemoencephalic. 74 
Basal ganglia of telencephalon, 314 
lesions of, 445 
lamina. 96, 437 

Base of brain. See Basis cerebri. 

Basilar artery, 77 
sulcus, 38 

Basis cerebri. SO, SI 

pedunculi, 44, 433, 341, 494, 522, 53If 
Basket cell, 481 

Bat, supersonic sensitivity, 458 
Bechterew, nucleus of, 463 
Behavior, development, 07 
origin, 7 
Bell’s law, 137 
Betz, cells of. 104, 351, 357 
Bipolar cells, 454 
neuroblasts, 94 
Bitemporal hemianopsia, 430 
Biventral lobule, 46 
Bladder, innervation of, 308, 418, 430 
Blindness, optic tract destruction and, 130, JfSl 
word, 377 

Blood pressure, and cortex, 410 
and spinal shock, 181 
medulla oblongata in. 411 
supply of spinal cord. 83 
vessels of brain, 71—88 
innervation of, 85 

Body (or Bodies). See also under Corpus (or 
Corpora). 

carotid, nerves supplying, 410 
cell, 102 
flexion, 47 

geniculate, lateral, 465, 460, 206, 407, 408. 546. 

537 

medial. 229, 434, 407. 408, 500 
mammillary. 16, 33, 304, .>’45, 108, 532 
Nissl. 102, 103-106, 154, 553 
olivary. See Olive. 
parnbigeminnl. 406 
paraterminal, 334 
pineal, 16, 43. 304 
pontobulbar, 37, t56 
quadrigeminal, 1-4, 43 1 

restiform. See Peduncle, inferior cerebellar. 
tigroid. See Body, Xissl. 
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Body (or Bodies), trapezoid, 219, 220, 260, 260, 
f f Sl, 539 

Boutons tenninaux. 706, 101) 

Brachial plexus, 11 

Braclmiin (or Braeliia), con jmicti vinn. See Pe¬ 
duncle, superior cerebellar. 
of corpora qiiadrigcnuua. 42, :>.}0 
pout is. See Peduncle, middle cerebellar. 
quadrigemimnn inferins, 43, 232. 234. \90 
superius, 237. 505 

Brain. See also Cerebral , Cerebrum . 
arteries of, 77. See also Artery. 
basal surface, parts seen on, 31, 31, 330 
cortex of. See Cerebral cortex. 
development of, 12, Id, IJ 4 , 15 
dissection of, dogfish, 747 
fetal pig, 771, 552 
methods, 747 

divisions of, 17. See also Dieucephalon, Mesen¬ 
cephalon, Met encephalon, M pel encephalon, 
Proseucephalon, Rhombencephalon , and 
Telencephalon . 
of dogfish, .9, 10, 549 
of fetal pig, 771 

hemispheres of. See Cerebral hemispheres . 
of human fetus, 15, 16 
lesions, 426 

lobes of, formation of, 73 
medial sagittal section of, 31 
relation to skull. 2S, 29 
sections of, 443—743 

nuclei of brain stem, 470—460 
sagittal, 530—533 
sheep, 530—5 Jo 
transverse, of brain stem, 449 
stem. See also Medulla oblongata. Pons, Mesen¬ 
cephalon, and Ganglia, basal. 
cranial nerve nuclei in. 237—272 
dorsal view of, 51 
functional analysis ol, 760 
lateral view of, do 
nuclei of, 470—460 
sagittal view, dl . 530—538 
sections of. 449 
subdivisions of, 8 
topography of, 29, 771 
ventricles. See Ventricles. 
vesicles, 12 
weight ol, 34 

Branchial cleft, dogfish, 11 

muscles, innervation ol, 2->9, *241, -47 
Branchiomeres, 2 M) 

Bioca's area. See Broca's center. 

Broca's center, 377. d?S, 379, f4.> 
convolution, 77 
diagonal band, 33 2.331, 53S 
parolfactory area. See Subcallosal area. 
Hrod-aami’s cortical area*. S.W-3.>(> 

Bronchial plexus. I. r >l. 1<>1 
Bronchioles. iimcrvation of. 4M> 

Brow 11 -Sectuard’s syndrome, 187. *01.437 


Hull* for Bulbils) . cornu. See Bulb of posterior 
horn. 

olfactory, 11. 27 1*, 330. 339, 31>0 
connections of, 3 t2 
in the dogfish, .9, 11 
structure of, 7 {7 

Bnlbothalanne tract. See Lemniscus medialis. 

Bundle. See also Fasciculus and 7 racf. 
association, of cerebrum, 183, 324, 374 
central tegmental, 212 
cornueonnuissural, 196 
forebrain, medial, 306, 324. 347 
ground. See Fasciculus proprius. 
of (bidden, tegmental. See Fract , niainmUo - 
tegmenta !. 

longitudinal, medial, 214. 221 
marginal. See Fasciculus dorsolaferalis. 
oval. See Area, oral, of Flechsig. 
posterior longitudinal. Sec Fasciculus longi - 
fudinalis medialis. 
of Tiirek. See Tract . corticospinal. 
ventral longitudinal. See Tract, tectospinal. 

Burdaeh, column of. See Fasciculus cuneafus. 
nucleus of. See Nucleus cuneafus. 


Cajau, horizontal cells of, 370, 350 
nucleus of. See Nucleus, commissural . 
olfactory area of. 372 
staining method, 771 
Calamus seriptorius, 40 
Calcar avis, 33 

Calcarine fissure, 60, 67, 3>13, 369 
Callosomarginal fissure, 01 

Canal, central, of spinal cord. 15, 168, 206, 207, 
1,61 

semicircular, 261 
vertebral, 27 

Capillaries of nervous tissue, 83 
Capsule, external, 313, 319, 511 
internal, 319, 310, 515 , 539 

anterior limb of, 319, 510, 512 
dissection of, 321 ,321 
posterior limb, 319, 512 
retrolentienlar part, 320, 507 
sublentieular part, 320 
nasal, in the dogfish, 12. 5\9 
of spinal ganglion (‘ell, 97, 136 
Caput eolnmnae posterioris, 107 
Cardiac nerve, 160 
plexus, 160 

Carotid artery, internal, 77, 80, 270 
v body, nerves supplying, f ill 
sinus, nerves supplying. f ill 
siphon, SO 

Cauda equina. 15, 27. 76.9 
Caudate nucleus. 312, 313, 51 J, 537, 51,2 
Cavernous veins ol dura, 88 
Cavity, neural, 96 
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Caviiin septi pellucidi, .j 1. 63, 60,520 
Celiac ganglia and plexus, l(!| 

Cell(s). See also Xeuron. 

anterior liorn spinal, OH, 102, 106, 10S, 174 
basket, *284 

of Betz, 102, 351, 357 
bipolar, 254 
body ,102 

ependymal, SO. 02, 124 
fusiform, 34S, 350, 351 
ganglion. of retina. 201 
spinal. 134, 135 
germinal, SO. 00 
git ter, 127 
Golgi, Type I, 101 

Type 11, 101. 174. 285 

in cerebral cortex, 340. 351 
granule, of cerebellar cortex, 283, 285 
of cerebral cortex, 340 
olfactory, 31,0 

horizontal, of Cajal. .>7/0, 350, 351 
indifferent, 01 

intraganglionic intercalary, 155 
of Martino! ti, 344, 340, 31,0 
Maulhner’s, 2SS 
microglia. 125, 120 
mitral, 254. 340. 31,1, 342 
mossy, 124 
motor, 09,102, 130 

of spinal cord, 130, 174—170 
neuroglia, 123—127 
oligodendroglia, 03, 125, 125. 120 
polymorphic (or polymorphous), 3Jf3, 344 
of Purkinje, 283 
pyramidal, 100, 102, 351 
of cerebral cortex. 102, 348 
of retina. 20 1 
satellite, 130 
sensory. 3, 5, 7, 02, 03 
spider, 125 

stellate, 3 1-0. See also Cells, grannie. 
tufted, 3 K). 31,1 
unipolar. 103. 136 
('<dl chain hypothesis, 1) I- 
('ell column of Clarke. Sec Helens dorsalis. 
inlermediolateral. /76 
of spinal cord, 175, 170. 177 
('ell groups of spinal conk 171—170 
(’<‘11 lineage of central nervous system, 03 
('ell I licorv, OX 
Centers, cortical. 357—372 
assoeialion, 370 
auditory receptive. 370 
autonomic, 300 
Broca's, 57, 377. 37S, 370 
motor, 357, 353 
olfactory, 372 
somost lie! i<\ 307 
suppressor, SO 1 
vestibular, 371 
visual, 300 


Centers, pncumotnxic, 414 
respiratory, HI, 1,12 

descending fibers of. 414 
sensory projection, 307 
vasomotor, til 
Central canal of medulla. 15 

of spinal cord, 15, 108, 200, 207, 1,62 
sulcus. 50 

tegmental bundle, 212 
Centralization of nervous system, 4 
Centrum medianum thalami, 205, 512, 525, 536 
semi ovale, 03 
Cephalic flexure. 13 

ganglionaled plexus, 15S, 102 
Cerebellar arteries. 77 

connections of vestibular nerve, 393 
cortex, 31, 282—285 

folia of. 45. 1,7. 276, 282 
granule cells of, 283 
histology of. 282 
layers of, 282-285 
nerve fibers of, 284 
number of neurons in, 347 
periamygdaloid, 372 
vermis of. 43, 1,5, 275, 270, 270 
vestibular areas, 280 
hemispheres. 43 
notch, 1,5, 1,6 

peduncles. See Peduncles. 
tracts, afferent, 188, 102. 278, 302 

direct, of Flechsig. See Tract, spinocerebellar. 
Cercbellorubrospinal path, 1,02, 403 
Cerebellolegmenlal trad, 210 
Cerebellum, 10, 18. 43.274-201 

afferent fiber connections of, in monkey, 278, 
270 

anatomy of, 43—47 

anterior lobe of, function, 280 

comparative anatomy, 43, 280. 51,1 

cortex of. See Cerebellar cortex. 

development of, 10, 18, !,!,, 551 

in the dogfish, 10 

efferent tracts of, 281 

fiber tracts of. 278—282 

function of, 285 

laminae in. 282 

lesions of. symptoms. 289 

lingula of, 45, 276.-1,33 

lobes or lobules of, 43—47, 270 

localization of function in, 280 

microscopic structure of, 282 

nuclei of. 277, 1,31,, 537 

proprioceptive paths to, 188, 392 

removal of, 287 

sections through, 1,33 

seizures, 288 

stimulation, artificial. 285, 287 
tonsil of, 1,6, 47 
ventral surface of, 15 
vermis of. 13, 1,5, 275, ,270 
while matter, 270 
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Cerebral anoxia. 83 

a(|iie<luct. See Aqueduct us cerebri. 
arteries. See Artery. 
cortex. 31. 347-382 
areas of. 347-382 
acoustic. 370 

ol' Broca. See Broca . center of. 
motor. 337—300 
association centers in. 370 
autonomic innervation by. 104. 300. 372 
Brodmann’s areas of. 372—330 
centers. See Centers, cortical. 
and consciousness. 37!) 
development of. 12, 33 
dominance. 378 

exteroceptive pathways to. 187—104, 383—391 
fetal. 34 

functional significance of. 337. 300. 373. 380 

ganglionic layer of. 337 

granular layer of. 331 

granule cells of. 34!) 

gustatory area in. 372 

hippocampal portion of. 342 

histogenesis of. 32. 93 

instability. 302 

layers of. 348-332 

localization of function in. 337—372 

memory and. 380 

molecular layer of. 331 

nerve cells of. 348 

nerve fibers of. 348 

neuroglia in. .>49 

neurons of. 348—330 

olfactory area in, 372 

proprioceptive paths to. 392 

pyramidal cells of. 331 

speech and. 370—37!) 

stimulation. 378 

suppression. 301 

taste and. 372 

and thalamus. 370 

vestibular. 204. 371 

and visceral control. 300 

visual. 309 

fissure, lateral. 29. 3J. 33. 36 
transverse. 48 
hemisphere. 32—70 
arteries. See Arteries. 
basal surface of. 02. do 
configuration of. external. 32-02 
internal. 02. 312-320 
convolutions. See Oyri. 
eortieifngal or efferent fibers. 318 
oortieipelal or afferent fibers. 318 
development of. 12. 13. 32 
dissections. 01—09 
in the dogfish. 11 
dorsolateral surface of. 31. 33-39 
enlargement. 327 
fissures. See Fissure. 


Cerebral hemisphere, lobes. 53. 3$, 33. See also 
Lobe. 

lobules. See Lobules. 
medullary center. 322 
pallium, 13. 73. 32 
sulci. See Sulcus. 
nerves. See Cranial nerves. 
peduncles. See Peduncles, cerebral. 
vesicles. 12 

Cerebrospinal fasciculi. See Tract, corticospinal. 
fluid. 34. 73. 70 

Cerebrum. -IT See also Cerebral. 
association fibers of. 371. 370 
of fetus. 3J 

longitudinal fissure of. 31, 34 
of monotreme. 333. 335 
sections through. 191—3,37 
Cervical cardiac nerve, superior. 160 
enlargement of spinal cord. 23 
flexure. 13 

ganglion, superior. 100 
plexus. 22 

segment of spinal cord. 23. 171 
sympathetic ganglia. 100 
trunk.100 

Cervix columnae poslerioris. 107 

Chemical theory of synaptic transmission. Ill 

Chenioreceplors. 11 1 

Chiasiua. optic. 11. 10. 263, 200,.>03. 130 .500.550 
development of. 10 
in the dogfish, I 1 
Chiasmatic cistern. 74 
Cholinergic fibers, 110, 111 
Cholinesterase. 110 
Chorda tvnipani. 552 
Chordales. primitive. 0 
( liorea. 317. f2 1 

Chorioid fissures, 32. 3}. 33, 36. 5S . 6.S’, 70, 33!) 
plexus. 73. .>’2. 32. 70. 127 
of fourth \ eat ride. 11. 4 7 
of lateral ventricle. 32. 70 
of third ventricle. 48. 49. 50 
Chorioidal artery. 69. 80 
Chromaffin cells. 103 
Chroma! olvsis. 103. 116 

('hromatophores. 8 

Chromophilie bodies. See A issl bodies. 

Cilia. 2 

on ependyma. 123 
Ciliary ganglia. 102 

muscle, innervation. 736 
Cingulum. 64. 32 1. 32/ 

Circle, arterial, of Willis. 80. SI 
Circular sulcus of insula. 35). 39 
Cisterna. 7 1 

Clarke's column. See Xncleus dorsalis. 

Claustrum. 318. 37 2. 550 

Clava. 30. 208. 3 JO 

Climbing fibers. 28 I 

Clinical illustrations, 431—44(5 
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Coccygeal segment of spinal cord, 171 
Cochlea, 258. 5t>0 

s])ir;iI ganglion of, 258, 259 
Cochlear n<*rvc. Sc(“ A cr/'c. stato-aconstic. 

nuclei. See Nuclei. cochlear. 

Coelenterates. 4 

Cold, eonduelion of sensation of, 190 
Collateral eminence, 70, 55 k 
axonie. 285 
filters, 100. ISO 
fissure. 70 

ganglia, 151 , 153, 161 
trigone. 69 

Collieulus (or Colliculi), 42 
facialis. 40. 222, 247 
inferior. '■234, 5k0 
superior. 229, 234. 235. 539 
Color discrimination. 265 
Column, anterior, 168 

of Burdach. See Fasciculus cuucatus. 
of Clarke. See Nucleus dorsalis. 
dorsal (eoluinna dorsalis grisea), 166 
fornicis, 336 

of Gall. See Fasciculus gracilis. 
lateral, 168 

nuclear, longitudinal of brain stem, 234, 241 
posterior, 167, 553 
somatic, afferent, 255 
efferent, 242 
lateral. 168 
ventral, 168 

vertebral. See Vertebral column. 
visceral afferent. 252 

efferent. 152. 176. 245. 248 
Comma tract of Sehultze. See Fasciculus inter- 
joscicularis. 

Commissural fibers, 176. 322 
neuron. 176. 178 
nucleus, 25,0, 253. 454 

Commissure anterior cerebri, 48. 53, 5k, 30k, 337, 
505, 550, 550 
gray. 168 
white. 168 

development of, 53, 5k 
of Forel. 505 

of fornix. 53. 322. 34 1 . 515, 55S 
great transverse. See Corpus callosum. 
of Guddcn. 267 
habenular. 51, 302. 5 OS , '>',0 
hippocampal. See Com missii re of fornix. 
of inferior colliculi, 5,95, 
of Meynert, 505, 510 
middle. See Massa iniermedia. 
optic. See Chiosma, optic. 
posterior, 302. 51',. 510, 555 
of spinal eord. 168, 176 
superior. See Commissure, habenular. 
supraoptic, 307 
leleneeplialie, 5 1 

Compound granular corpuscles, 127 


Conditioned responses, 308. 335 
Conduction, antidromic, I I I 
of nerve impulse, f, 111, 115 
Cones of origin. 99 
of retina. 265 
Conjugate deviation, 438 
Consciousness and cortex, 379 
and thalamus, 299 
Contractility of living substance, 3 
Conus medullaris, 24. 55, 57 
Convolutions. See also Gyri. 

Broca’s. 57 

Heschl’s. See Gyrus. temporal transverse. 
Coordination, muscular, cerebellum and. 288 
Cord, spinal. See Spinal cord. 

ventral nerve, of worms, 5,, 5 
Cordotomy. 191 

Cornu aminonis. See Hippocampus. 
anterius of lateral ventricle, 66 
inferius of lateral ventricle, 68 
posterius of lateral ventricle. 68 
Cornueonimissural bundle. 196 
Corona radiata. 551, 322, 555, 5>k0 
Coronary plexus. 22. 159 
Corpus (or Corpora). See also Body. 
bigeminum, 234. See also Lobe, optic. 
callosum, 53, 5k. 63, 0k, 322, 510, 521, 559 
radiation of. 63 
cerebelli. See also Cerebellum. 

posterior lobe of. neocerebellar part of, 45 
function, 280 

paleocerebellar part ot. 45 
fornicis, 336—33S 

geniculatum laterale, 266. 266, 298, 526 
mediate, 229. 234, 297, 500 
Luysii, 300. 301 
mammillaria, 16. 33, 302 
parabigeminum. 496 
paraterminnle. 332, 33:2 
pineale, 16, 43, 302 
ponlobulbare. 37, 456 
(piadrigemina, 42. 234 
brachia of. 43, 51,0 
restilbrmc. See Peduncle cerebellar. 
striatum. 13, 15, 52, 316. 552 
connections, 316 
function of, 317 

subtlialamicum. Sec A uclcus, subthalamic. 
tigroidciun. See Body, A issl. 
trapezoideum, 220, 1,32 
Corpuscles, compound granular, 127 
of Meissner, 143 
of Merkel. 143 
Pacinian, / ',5, lkk 

Cortex, cerebellar. 282. See also Cerebellar cortex. 
cerebral. See Cerebral cortex. 
olfactory. See 1 rchipallinm. 

frontal. See Gyrus, olfactory, lateral. 

Corti, ganglion of. See Ganglion, spiral. 
organ of, 259, 259 
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Cortical. See also Cerebral cortex. 
areas, elaboration of. in man. 8 
types of, 3.58 
C'orticiI'uf>'al bundles, 348 
Corticipetal bundles, 348 
Cortieobulbar tract. 234, 321. 323, 399 
Corticohypotlialamic path, 3(!4 
Corticonigral path. 3(i4 
Corlicoponlile fibers. 3(54 . 403 

tract. See Tract , frontopontile and Tract, tem- 
poropontilc. 

Corlicoponloeerebellar tract. 402. 1/02 
Corlicorubral path. 3(!4 

Corticospinal tract. See Tract . corticospinal. 
Cortieostriate fibers. 304 
Corticotegmental paths. 30 f 
Corticothalamic connections, -298 
fibers. 323. 30 f 

Coughing, reflex arc for. 407. $07 
Cranial nerves. 237—273 

and cavernous sinus. 27 0 
central connections of. 202 
in the dogfish. 10. II. ab s ’. O-bO 
functional components of, origin, course, and 
termination. 238 
gross relations. 21. 22. 29 
motor path for. 399 
nuclei of. 241—273 
reflex paths of. 40.5—tl8 
in skull. 72. 270 

summary of origin, composition, and connec¬ 
tions of. 209-273 

Craniosacral autonomic system. 1:52. 104 

Crest, neural. 11. 93 

Cresyl violet stain. 75.51 

Crista aeusliea. 201 

Crossed pyramidal tract. 199 

Crus (or ('rural, cerebri. See Peduncle, cerebral. 
Ibrnicus. 220 

Culmen nionliculi. 4.5. I/O 
Cnneale fasciculus. 109. 18:5 
funiculus. 30. 1/02. J7 2 
nucleus. 200, 207, \77 
lateral. 208. Ip) 2. 472 
tubercle, 30, 208. :5$0 
Cuneus, 00. 22S, 309, 2/2 
Cup, optic. 13 

Cutaneous branch ol intercostal nerve. 134 
nerves, 134 

Cylo-arehitectonics. 347—3.57 
Cytoplasm ol nerve eells, 1U2, 103. 10.5 


Dakksciikwitsch. nucleus of. 222. 400. -$<SV 
Davenport staining method. :5.5I 
Deafness, word. 37/ 

Decerebration and motor mechanisin. 287. 391 
Deelive monticnli. 't-> 

Decomposition of movement, 290 


()01 

Decussation of brachia conjunctiva. 22:5, 228, 222 
ol fillet. See Decussation of leaniiscus. 
of Forel. See Decussation, tegmental. 
fountain. See Decussation , tegmental. 
ol lemniscus (lemniseonim), 20(>, 208, 80S, 408, 
580 

ol Mevnert. See Decussation, tegmental. 

optic*. See Chiaswa, optic . 

of pyramids. 207. 308, 468 

sensory, *208 

supraoptic, 2(>(i 

tegmental, *231, 406 

Degeneration from compression of thoraeie spinal 
cord, 104 

of fiber tracts, 104 
of nerve fibers, 11 7, 104 
reaction of, 434 
transneuronal, I Hi 
W allerian, 117, 191 
Deiters, nucleus of, 2(i3 
Dendrites, 100, 153, 154. 155 
apical, 100, 100, 102 
extraeapsular, 754, 1*3.3 
intraeapsular, 1.38, 154 
subeapsular, 154 
Dentate fascia, 88 i 
nu(*lens, 277, 4S8, 557 
Dermatomes, 132, 133 
Descending brandies of dorsal root ISO 
degeneration of spinal cord, 10 f 
fibers of respiratory center, 411, 418 
tract of spinal cord, long, 107 
Desoxyriboscimcleic acid, 103 
Development, neural tube, 11. 12 
Diabetes insipidus, supraoplieohypopliyseal tract 
lesions in, 300 

Diagonal band of Broca, 332, .>.7,2, 588 
Dieneeplialon, 0, 10, 1.3, 47, 48, 58, 202, 31.3, 370 
development of, 47 
in tile dogfish, 10 
olfactory connections of, 845 
Digitationes hippocampi, 884 
Direct pyramidal tract, 100 
Disk, intervertebral, and nerve, 130 
Dissection of brain, dogfish, .317 
fetal pig, .3.31 
methods. ,347, ,30.3 
Dissociation, sensory, 1 11, ISO 
Dizziness, 430 

Dogfish, brain of, S, 0, 11, .7 17 

Dominant hemisphere, 377. 378 

Dorsal root fibers, intraspinal, 7/S, 170, 18 f 

Duct, endolymphatic, .317 

Dura mater, 23, 87 , 7 1 

Dynamic polarity, law ol, 110 

Dysmetria, 290 

Kak, internal. 2.38, 850, .317 
Karthworm, 4 
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Ectoderm, 6 

Ectodermal origin of nervous system, 12 
E<linger-Wcstphal, nucleus of, 24!) 

E Hector, 4, 7 
Efferent nerve libers, IS!) 
pathways. 35)4 

Eighth nerve. See A erre, stato-acoustic and ves¬ 
tibular. 

Electrical theory of synaptic transmission. Ill 
Electroencephalograph and cortex, 352, 374 
Electron microscopy, 107 
Eleventh nerve. See A ’erre, accessor!/. 

Emboliform nucleus, 277, 334 
Embolism, case illustrating, 444 
Embryology of nervous system. 12. 1)3 
Eminentia cinerea. See Ala cincrea. 
collateralis, 70. 334 
facialis. See Colliculus jacialis. 
hypoglossi. See Triyonum hypoylossi. 
medialis, 43 

Emotion, 104, 300, 377, 381 
James-Lange theory of, 373 
Encapsulated nerve endings, 143, 184 
Encephalon. See Brain. 

End-brain. See Telencephalon. 

End bulbs of Krause, 143, 144 
Endings, nerve, free, 142, 142 
in hair follicles, 143 
proprioceptors, 143 
Endolymphatic duct, 347 
Endonenrium, 133 
End organ, neuromuscular, 146 
nenrotendinous, 140 
End plates, motor, 13!) 

Entoderm, 12 

Ependyma, 10, 73, 70, 90, 172 
Ependymal cells, 89, .93, 124 
Epibranehial placodes, 93 
Epiglottis, innervation of, 408 
Epilepsy, 333, 339, 343 
Epinephrine, 111, 137 
Epincurinm, 114, 133 
Epiphysis cerebri in the dogfish, 10, 12 
Epithalamus, 10, 10,301 
development of, 10 
in the dogfish, 10 

Equilibrium, cerebellum in maintenance of, 283— 
291 

cerebral area for, 201, 371 
Ergastoplasm, 104 
Esophageal plexus, 101 
Excitation and reticular system, 404 
External capsule, .//.S’, 31!) 

Ex’tcroceplive nerve fibers, 140 
nuclei, 233 

pathways to cerebral cortex, 187—191, 383—391 
associated with trigeminal nerve. 232, 388 
in spinal cord, 187 —191 
sensations, I 10—1 19 

Extrapyramidal motor pat hways, 3 18,337,303,401 


Eye, development of, 48 

extrinsic muscles, innervation, 244 
and proprioception, 237 
and semicircular canals, 201 
innervation of. 20 1 

intrinsic muscles of, innervation, 130, 730, 100, 
230 

parasympathetic innervation of, 250 
retina. See Retina. 


Facial colliculus. 40, 222, 247 

expression, muscles of, innervation, 245 
nerve, 0,11, 21. 241, 271, 4*0, 434. 330 
in the dogfish, 0, 11 

nucleus of, 222, 223, 240, -140, 2S4. 334 
root of. 247 

Facilitation and cerebellum, 289 
and cerebral cortex, 300, 373 
Falx eerebelli and cerebri, 71, 72 
Fascia den lata, 334, 334, 343, 344, 330, 3.37, 333 
Fascicle (or Fasciculus) , 183. See also Tract' and 
Bundle. 

anterolaleralis superficialis, 189 
arcualus, 320 

cerebellospinalis. See Tract, spinocerebellar, 
dorsal. 

cevebrospinalis, 198. See Tract, corticospinal. 
cnnealus. 109, 185 

microscopic structure of, 173 
dorsolateralis (Lissaner), 173. 187, 192, 307 
microscopic structure of, 173 
geniculocalenrine, 207, 320, 370 
gracilis, 109, 185, 337 
inlerfascicularis, 180, 190 
lateralis proprius. See Fasciculus proprius. 
lenticularis, 278, 300, 00 }. 014, 310. 3/7, 512, 
522 

longilndinnlis dorsalis (Selmltze), 345 
inferior. 320 

medialis, 214, 221, 231, 260, 204, 473, 501 
superior, 320 

mammillothnlamicns, 01 4, 015, 512, 504 
jVleynerl's, 233, 302 

occipitofrontal, superior and inferior, 325, 320, 
520 


proprius of spinal cord, 170, 179, 190, 197, IDS, 

402 

pyramidal. See Tract, corticospinal. 
ret ro flex us, 233, 001, 302, 01 4. 015, 510, 527 
septomarginal, 180, 190 
.solit arius. See Tract, solitary. 
spinocerebellar, 188. See Tract, spinocerebellar. 
spino-olivary, 2 11 
sulcomarginal, 197 
lhalamicus. 310, 017, 510, 5 22, 504 
thalamomammillaris. See Tract, nuunniillo- 
l/ialamic. 

Ihalamo-olivary, 219, 229, 474 
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Fascicle (or Fasciculus), uncinate, 325. 725, 
507 

vestibulocerebellar, 279,2(5+, 281, 18! 

Fasliginl nucleus, 277, 281, 577 
Fatigue, and Xissl substance, 10.3 
kal metabolism, hypothalamic! lesions in disturb¬ 
ances ol\ 311 

Feedback principle. 181. 293, 322, 373 
Feeding reflexes. 3+0 
Fenlgen staining, .3,33 

fibers (or Fibrae) . See also Xerrc fibers , and 
Tracts. 

aberrant pyramidal, +00 
adrenergic. Ill 
afferent, somatic. 1ST 

visceral, 133, 1 18. 7 2/9, 15)3 
arcuate, of cerebrum, .32 + , 32(5 
of medulla oblongata, 210, *278 
external, 210 

dorsal, si 10. 270, 393, 797 
ventral. 2 10, 2/70 
internal, 210, 270, 1(5(5, 577 
associat ion of cortex, 32 t 
eerebello-olivary. See Fibers, oli rocerebellar. 
cholinergic. 111 
climbing, 28 1* 
commissural, 322 

corticospinal tract, in the cat, 199 
corticothalamic. 323 
descending, from the cortex. 201 
of the eorticobnlbar tract, 20t 
of dorsal root of spinal cord, 18+ 
efferent, visceral, general, 137, 152 
special, 2+5 
exteroceptive, 1+0 
interoceptive, 1+0, 72/9, 193 
mossy, 28 1 

olivocerebellar, 212, 278 
of pons. 217. Jib 
preganglionic, termination of, 1.35 
projection. 323 

propria. See Fibers , arcuate , of cerebrum. 

proprioecpl i\e, 1 Ml, 187 

rectae. 219 

Reissner's, 21 

reticulocerebellar, 215 

reticulospinal, 21.3 

somatic afferent, classification according to 
function, 1 10 
efferent, 137, 2+2 
spino-pontinc, 193 
tangential, 3+2 
icelohulbar, +0S 
tectospinal, 108 
transverse, of pons, 27<S 
nnniyeliiiated, 112, II h 1 12, 190-192 
in cnlaneons nerves, types ol, 13 t 
Fibrous astrocytes, 121, 72$ 

Fields of Fore I, 300, 70$, 310, 317, .>77. 597, 577 
Fiflli nerve. See Xerrc > trigeminal. 


Fila lateralia pontis, 219 
radieularia, 20. 18+ 

Fillet. See Lemniscus. 

Fihim dura malris spinalis. 21. 25 
lerminale, 24. 25 

Fimbria hippocampi, 70. 331, >117. 610, 579, 52/2 
Final common path, 181. 303, ,391 
hirst nerve. See A erre, olfactory. 

Fissure (or Fissura). See also Sulcus. 
anterior median. 24, 25, $0*2 
calcarine, (50, 07, 77tS, 070 
eallosoiuarginal, (31 
cerebral, lateral, 55 
chorioid, 52, 5.$, 55, 50, 5.S, 0*7, 70, 579 
collateral, 70 

dentate. Sec Fissure, hippocampal. 
development, .33 
hippocampal. (51,77 $. 522 
lateral cerebral. 5(5 

anterior ascending ramus. 5(5 
horizontal ramus, 5(5 
longitudinal, of cerebrum, 27, 31, ,31 
median, of medulla oblongata, anterior, 35 
posterior, 35 
parafloeenlar, 511 
parielo-oeeipilal, 58, GO 
posterior median, 3.3 
posterolateral, ++, 27.3 
primary, +4. 275, 275, 151 
rhinal, 5.3, (51 

of Rolando. See Snlcns , central. 
of Sylvius. Sec Fissure , ccrsbroL lateral. 
transverse cerebral, +8, .30, 5 2, 5 27, 579 
Flaccidily and sensory area. 3(52 
Flechsig, direct cerebellar Ira el of. See Tract , 
spiuocerebella r. 
oval, area of. I 97 
Flexure, cephalic, 13 
cervical, 13 
pontile, 13 

Flocculonodular lobe, 11, 290 
function of, 290 
Flocculus, 2/0, 579. 52/7 

Floor, of fourth ventricle. Sec* Rhomboid fossa. 
plate. 10. 90 

Fluid, cerebrospinal, 31. 73. 7(i 
Folium (or Folia), of cerebellar cortex, 15, $7, 
27(5 

vermis, +5 

Foramen, caecum, 35 

interventricular, 31, 5 27, 577, 52/2 
of Lnsehkn, 39 
Alagendic s, 39 
inagmnu, 21 

* ^Ilium's. Sec Foramen , interrentricnlar. 
Forceps major. 0 $, (55 

minor (frontal part of radiation ol corpus 
callosum), (55 

Forebrain. See also Prosencephalon. 
bundle, medial, 321, 31.5 
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Forel, decussation ol. Sot* Decussation, tegmental. 


commissure ol, 505 
fields of. tegmental, 30(), 3t) ! ,, 310 
See also Fasciculus I hula minis 
Icalinilaris. 

Formatio relionlaris, 108, 214 
«i I bn, I.) a 
grisea, 455 


, ,117, 5<)S, 523. 
ami F asciculus 


Fornix. 283. 335. 50,s’, .51,3 
commissure of. 53, 322 


crus, 336 
fimbria, 333, 335 
relations of, 337 
Fossji(c), cranial. 30 

interpeduncular, 31, 32, 32, 1,01, 
rhomboid. 10, 30 

Fourth nerve. See A ccrc, trochlear. 

ventricle. See Ventricle, 

Fovea, inferior, 40 
superior, 40. 5 id 
Frenulum veli, 43 
Frontal gyri, 55 
lobe. 8, 50. 50. 381 
pole. 1!) 
sulci, 57 

Frontoponlile tract, 233, 320 
Frontotlmhimic pathway, 375 
Functional components, cranial nerves, 230, 240 
Funiculus (or Funiculi). 20, 24, 183 
anterior, 197, 1,62 
degeneration of, 191 
ennositns, 30, 1,02, .51,0 
graeilis, 30, 1,02, .51,0 
lateralis, 109, 201 
degeneration of. 194 
posterior, 185, 190 
degeneration of. 194 
fibers of, 183 
separan.s. 41 

teres. Sec Eminent ia medial is. 
vent ml. See Funiculus, anterior. 

Furrow. See Sulcus. 

Fusiform cells. 318, 350. 351 
gyrus, 02, 525 


G anomatkd cord. See Tronic, sympathetic. 

Ganglion (or (ianglia), autonomic. 95, 153—158 
I> 21 .sad. of telencephalon, 312. 313 

celiac, 1(51 

cells of ret inn. 201 

spinal, capsule ol. 130 
glomerulus of, 135 
cerebrospinal, 7, 93. 130, 138, 554 
cervical, inferior, 100 
middle, 100 
superior, 1(50, 555 
collateral, 153, 1 (51 
of (’orli. See Ganglion, sjiiral. 
of erani;d nerves, 202 
development, 12 


Ganglion (or Ganglia), on dura at cribriform plate, 
218 

enteric (small ganglia of myenteric and sub¬ 
mucous plexuses), 102 
of facial nerve. See (ianglion, geniculate. 
Froriep’s. fetid pig. 552 
Gasserian. See Ganglion, semilunar. 
geniculate, 251, 271, 552 
habenulae, 50- S' 
histogenesis of, 93 
interpeduncular, 233 
jugular, 272, 552 
mesenteric, 101 
nodosum. 273, 552 
otic, 25 2 
petrosum, 272 
semilunar, 27 1. 552 
sensory. 93, 138, 202 
sphenopalatine, 252 
spimd. 02, 5)3—95. 135 
development of, 93 
structure of, 93, 133 
spiral, 258 
stellate, 100 
submaxillary, I5S. 1,15 
sympathetic. 100—1(52 
development of. 95 
terminal. 153 
transplanted. 150 

of trigeminus. See Ganglion, semilunar. 
vestibular, 202, 202 
Ganglionated plexus, cephalic. 102 
Ganglionic layer of cerebral cortex, 351 
Gastric plexus, 101 
Gemmules, 349 

Geniculate body. See under Corpus. 

ganglion. 25 2, 271, 552 
Geniculocalcnrine tract, 207. 321, 323, 370 
Gennari, line of. 3 18 
Genu of corpus callosum, 04. 337, 514 
of facial nerve, 210, 247 
of internal capsule, 31S, 319, 321 
Germinal cells, 89, 00 
Gills, dogfish, 5 17, 51,0 
(litter cells, 127 

Glands, parotid, salivary, and submaxillary, in¬ 
nervation of, 415, 410 
Glial sheath, 172 
Globose nucleus. 27(5, 277 

Globus pallidas, 80. 300. 313, 311,, 50S, 521,537 
Glomeruli, cerebellar, 284 
olfactory, 340. 31,1 
of sensory axons, 135 
of sympathetic ganglia. 153 
Glossopharyngeal nerve, 241, 272, 1,7S, 537 
Golgi apparatus, 103 
cells. Type I, 101 
Type N 101. 17 1 

in cerebral cortex, 31-9, 351 
staining method, 553 

Goll, column or tract of. See Fasciculus gracilis. 
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Gomhiinit ;i 11 « 1 Fhilippc. triangle of. ]<)7 
(lower's tract. IS!) 

(iramilar corpuscles. compound. |27 
layer of cerebellum, 288 
of cerebral cortex. 3.7 I 
Granule cells ol cerebellar cortex. 283. 2S5 
ol cerebral cortex. 34!) 
ol laseia deiitata. 33 f 
of olfactory bulb. 34*2 
Granules. Nissl. See A /.v.s7 bodies. 
neurosecretory. 107. 2S3. 311 
pigment, in cytoplasm. 107 
Gray column, dorsal. Hid 

of spinal cord, cells of. l(i(». 174 
ventral. I (IS 
commissure. HiS 
matter. *20. KHi. 173 
central. I OS. 2!)8 
microscopic structure of. 173 
of spinal cord. 100. 173 
development. !)0 
subependymal, bib 
rami oommnnieanles. la!) 

Groove. See also Sulcus and Fissure. 
neural, 11 

Ground bundle. See Fasciculus proprins. 

Growth of axon. !)2, IIS. 123 

Gudden, bundle of. See Trod , mam niilloley- 
menial. 

commissure of, *207 
Gustatory apparatus, 2a2. 372 
area in cerebral cortex, 372 
Gyrus (or Gyri), dl, aO, GO. 01 
angular. bS 
annectent. aO 

callosal. See Gyrus ciityuli. 
centralis anterior. .77, b 10, b.18 
posterior. .78 

cingnli, 02. 300, 373. bib 
denlatns. See Fascia deulata. 
effects of stimulus. 307 
fornieatus. 02. 01 

frontal, ascending. See Gyrus centralis anterior. 
inferior. .77 
middle. .77 
superior, .77 
transverse. .78 
fusiform. 02. blG 
hippocampal. 01. ■>■11. bll 
insulae. .7!) 

on lateral aspect of cerebral hemisphere. .7.7. .70 
limbic. See Lobe, limbic. 
lingual. 00. 01. 0/. 80!) 
marginal')*. Sec Gyrus, frontal. superior. 
olfactory, lateral. 331. 332. -’>■ 11 
medial. 331 
orbital. 01. 02. .717 

postcentral. See Gyrus centralis posterior. 
precentral. See Gyms centralis anterior. 
rectus. 02 

subcallosal, 332. Jdd 


(>().> 

Gyrus (or Gyri), supracallosal, 0.7. a IS. See also 
/ ml usin m yrisen in. 
supramarginal. .78 
temporal. .77 

transverse. .78. 370 
uncinutus. See Gyrus, hippocampal. 

II. Hi. IC fields of Ford. dot). d0 ' 4 . 310. dll . bOS. 
bid 

Habenular commissure. 302 
ganglion. 302 

nucleus. 10. lUlf, dOl, blS 
trigone. 302 

Habenulopednnenlar tract. 302, •> 'ib, bdd 
Habit formation and cortex. 370 
Hair follicles. nerve endings in, I t,3 
Hallucinations, olfactory, 3+0 
I lead, innervation of, antonoinie, 15S. 100, 415 
Headache, and referred pain, 127, 430 
from intracranial lesion, 442 
Hearing. See also under Auditory. 

neural meelianism for, 388 
Henri, innervation of. H(i, 128 
Heat, eoiidnotion of sensation of, 11)0 
Heat-conservation pathway, 30!) 

Heat-loss pathway, 30!) 

Hemianopsia, 207, 430, .$.//, 442 
IIemiballisinns, 4*24 
Hemiplegia. t23 

Ilemiseetion of spinal cord, effect of, 201 
Hemispheres. See Cerebellar and Cerebral. 
Henioeneephalie harrier, 71 
Hemorrhage*, artery of cerebral, 81 
of internal capsule, 44*2 
He reditarv pattern of structure. 123 
Herpes zoster and dermatomes. 130 
Heschls convolution, 38. See (iijrus, temporal. 

transverse. 

Hillock, axon, 100 

Hindbrain. 17. See Meteueephatou and Rhom¬ 
bencephalon. 

Hippocampal commissure. See Commissure of 
fornix. 

(limitations, 77} 
fissure, HA 

gyms. S(»e Parahippocampal gyrus. 
paths, 330 

rudiment. 03, 332. *1*1 J 
Hippocampus. 70. 80, 33 + , •> //, 3 12. •/}./, 510 
efferent fibers from, 314 
fimbria of. 70. 33 \ 
functions ol, 333 
molecular layer of. 3 12 
lfiNlotfonesis of nervous system, 80-07 
Homonymous hemianopsia, 208, 130, 112 
Horizontal cells of ( ajal, -/JO, 330. 33] 

Hormone, antidinrelie, 210 
Horn, Ammon's. See Hippocampus. 

Humoral substances. 137, 210 
Hypogastric plexus, 102 
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Hypoglossal nerve, 473, Y70, 555 
nucleus of, I I. 410, 4 I.), 4.54 
paralysis of, oases illustrating. 437. 138 
roots of. 37 

Hypophysis, 10. 50, HI, 7 7, 304. 505, 57,0, 552 
in the dogfish, 1 I 
posterior loho of. 304 
Hypothalamic lesions, 311 
sliiiiuli, 308 
sulcus. 49, JO 

Ilypollmlamus. 10, 14, 304—311 
ell’ereut nerve fibers ol. 307 
electrical stimulation of, effect ol, 308 
functions of, 307 
influence of, on pregnancy. 311 
lesions of. effects of, 308 
in lower animals, 348 
nuclei of, 304-300 

Hypotonia due to neoeerebellar lesion. 490 

Impulses, conduction of, to cerebellum. 470 
Incisura. See A otch. 

Indifferent cells. 91 
Indusium griseum, 0.5, 520 
Inferior mesenteric ganglion, 101 
Infundibulum. 52. 304, 310, 521,558 
Inhibition, and caudate nucleus, 317 
and cerebellum, 488 
and cerebral corlex, 30.3 
pathways. 431 
and reticular system, 404 
and visual association area, 373 
Inhibitory zones, 30 f. 371 
Innervation of aortic arch, HO 
of bladder. 418 

of blood vessels, 8.3. 1.37. 101, 417 
of branchial muscles, 44.3 
of bronchioles, 410 
of carotid body, 410 
of epiglottis, 408 
of eye, parasympathetic, 4.30 
of facial expression, 474 
of heart. 110 
of in test iiies. 110. 117 
of iris. 1.37. 158, 4.30 
of larynx, 473 
of mastication. 471 
of muscle, cardiac. 110 
skeletal. 139. I 13. 3.37 
smooth, 1.30, 101, 110 
of parotid gland. 41!). 110 
ol salivary ylands, 11.5, l l(> 
ol* stomach, I' I (i 
of sublingual "lands. I I a 
of snhmaxillnry glands, H.5 
of sweat glands, I(k 5 
of tongue. v 2 1.5, 
of urinary blnddrr, I IS 
of \ isccra, 1.50— I (Jo 
Instability of cortical point, 8(j v 2 


Insula. .33. .3.3. .39. -39, 319, 517, 5.10 
Intelligence and brain weight. 31 
and frontal lobotoiny, 37.3 
Intercalary neurons and behavior, 384 
Intercellular plexus of sympathetic ganglia. 1.3.3 
Intercostal nerve, cutaneous branch of. 131 
Jnlermediolntoral cell column, 107, 1/.3 
Internal capsule, 55, 319, 170, .311 
dissections of. 341 171 

sections through, 318, 502, 505 505, 50i , 5)05, 
510 

sagittal stratum, 510 

Inlernuncial neurons, .3. 141, 178, 181. 384 
Interoceptive nerve fibers, 1 10. 193 
Interpeduncular cistern, 74 
fossa. 34. 52 
ganglion, 433 
nucleus. 57,5 

Intersegmental reflex arcs, 179 
Interstitial nucleus, 444, 507, 

Interthalamic adhesion, 1(>‘. 49.3, 525, 550 
Interventricular foramen. See Foramen. 

Intestine, distribution of nerve fibers to, 410. 417 
Inlraeapsular dendrites, 1.33. 151i 
In Ira cortical association fibers, 344. 374 
Intraganglionic intercalary cells, 1.3.3 
Intramedullary course of dorsal root fibers. 179 
Inlraparietal sulcus, .38 
lnlumescenlia cervicalis, 44, 75 
lumbalis, 75 

Invertebrates, nervous system ol, 3—0 
Iris, innervation of. 1.37, 155, 4.30 
Iron, staining for. .3.33 
Island of Reil. See Insula. 

Isthmus of gyrus fornicalus, 01, 04 
Iter a lertio ad quartum venlriculum. See Aque¬ 
duct ns cerebri. 

Jacksonian epilepsy. 3.39, 44.3 
James-Lange theory of emotions, 37.5 
Jellyfish, nervous system ol, 1 
Joints, pathways of sensations from, 188, 394 
sensory nerve endings in, 143 
Jugular ganglion, 474, 552 

Kidney function and cortex. 307 
Kinesthetic receptors. See Proprioceptive recep¬ 
tors. 

Krause, end bulbs of, 1 13 

Lahuk, vein of. 88 
Laboratory outline. .5 1.5—.507 
Lamina, allixa. 15, 51. 57. 705 
alar and basal. 10.437 , 750 
medullaris involuta. See Stratum lacunosnm. 
medullary. 493 

external. 313. 517. 51 570 

internal, 313, 512, 51 \, 5.70 
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Lamina (piadrigemina. 1.1. 13. .lo.s, .7.12 
rostral. 481. IS 
septi pellucidi. 337 
termiualis. 18. 7 1!). .18. ././?, .12.x 

development of. 18 

Laminae medullares ol lentiform uneleus. 313 
thalami. 203 

Lamination of cerebral cortex. 3.10 
Landmarks on skull. tO 
Language. See Speech. 

Larynx, muscles of. innervation, 273 
Lateral column, spinal. HIS 
geniculate body, 
line canal. .9, 1 7. .147 
olfactory tract. 372 
sclerosis. f3 f 
ventricles. See Ventricle. 
zone. -17 t 
Law, Bell’s 187 

of dynamic polarity. 110 
Laver (or Layers), of cerebellar cortex. '-2S-2—'iS.l 
of cerebral cortex, 8 18—3.12 
ependymal. 80-07 
mant le. 06 
marginal. 06 

plexifonn. See under Molcciilar lai/er. 

Learning and cerebellum, 201 
Lemniscus (or Lemnisci). 232 
lateralis. -2-7, 2.82. 22-1. 200. .12 \ 
medialis. 222. tt-i, I In. / 11 . 5 MS’. .724 
Lenticular fasciculus. See Fasciculus leuficularis. 

nucleus. See Fcufijorui nucleus. 

Lentiform nucleus, 313. 227. 221 
Leplomeuiugeal sheath. 12(1 
Lesions as clinical eases. 410—f4(l 
of basis pcdunculi. 412 
cortical. 442 
of dentate* nuclei. 200 
of lastigial nuclei. 200 
hippothalamie. 311 
internal capsule. 444 
medulla. 4 K) 
molor area. 360 
motor tracts. J/20 
of perinmygdaloid region. 327 
pons, ffl 

of red nucleus, 200 
speech area. 410 
syringomyelia. 13.1 
thalamic, 200 
Leukotomy. 200, 37.1 
Ligamentum dentionlalnm, 22 
Light reflex. 408 
sensitivity to. 20.1 
Limbic lobe. 01 . 02 
septum. 300 

Limen insulae*. .70. 331. 332. •»•>* 

Line (or Lines). of Baillarger. 318 
ed (icnnari. 318 
Lingual gyrus. 00. 01. 07. 300 
nerve, 270 


Lingula e>f cerebellum. 1.1. 280. }A.x 
Lip. rheunbie*. J 

Lissauer s tract. 173. See also Fasciculus, dorso- 
lufcralis. 

Lobes, ce*rebellar. 43—17. 270 
cerebral. .1.1—02 
flocculonodular. 11 
function e>f. 200 
frontal. .10 
inferior. .9 
insular. See Insula. 
limbic, 07. 02 
occipital. .10 
olfactory. .12 

optic, in the dogfish. 9. 10 
parietal. .18. .728 
peiste*rie>r. of hypophysis. 10 
pyriform. Sec Area, pt/riform. 
temporal. .17 
visceral, 7. N 
Lobotomy. 37.1 

Lobule* (or Lobnlus). ansiformis. 1.1. 27.9, 204. 539, 
•5J7 

biventral, 

centralis of cerebellum. 4;>, 276 
meelianus posterior. -5.J7 
paracentral. (il 
])arame<lianus. 1.1. .744 
parietal. .18 
epiaelraugular. 4*7 
epiaelrale*. Sea* Precuneus. 
semilunar. 4.1 
simple. 4.1. -7J7 

Localization of function in cerebellum, 280 
in cerebral cortex, 3.17—382 
in thalamus. 208. 372 
Locus eoeruleus, 40 

Longitudinal fasciculus, medial. 21 1. 221 
fissure of cerebrum. 31. 22 
Lorenzini. ampulla of. .117 
Lumbar enlargement of spinal cord, 23. 25 
Lumbosacral plexus. It 
Lusehka. foramen of. 30 
Luys. nucleus of. See Nucleus, subthalamic. 

Lyra. See Commissure, hippocampal. 


Mackosmatic mammals. 328 
Macula aeustica. 261. tG2 
lutea. 26.» 

Mageudie s foramen. 30 

Magnoeellular nucleus of reticular formation, 

21.1 

Mammillary body. 16. -it. 302. 24-7. 108. 5-12 
peduncle. 307 
recess. 10 

Mamniillotegineutal tra<*t. 228. 307 
Mammillothalamie tract. 307 
Mandibular nerve. 271 
Mantle layer, 10, 80. 96 
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Marehi staining method. 553 
Marginal layer. 16, Si). •%' 
ramus. (! I. til 

Marsupial, arehipallium, (51, 328 
Alarlinotti. rolls of. 311. 3 lit. 51,0 
Alassa intermedia. See Interthalamic adhesion. 
Mautlmer’s rell. 288 
Medial eminence. 50. I I 
geniculate body, 298 

Medulla oblongata. 8, 15, 17. 50,51, 33. 35, 202 
lesions of, 25 

relation of structures to spinal cord, 201- 
structure of, 202—21(5 
spinalis. See »S pinal cord. 

Medullary center (substance) of cerebral hemi¬ 
sphere, 03. 322 

laminae of lentiform nucleus. 313 
of thalamus. 203 
sheath. See Mi/clin sheath. 
velum, anterior, 38, 42 
Medulloblasts, 00 
Medusa, 5 

Meissner’s corpuscles. 143 
submucous plexus. 143, 101 
Membrane, arachnoid. 23, 73 
pia-glial, 125, 172 
Memory and cortex, 352. 370. 380 
confused, 200 
Meninges, 71-77 
Mereaptans. 254 
Merkel s tactile disks, 143 

Mesencephalic nucleus of trigeminal nerve, 255, 
257 

Mesencephalon, 10, 15. 55, 42. 227. 558, 559 
internal structure of. 227 
tegmentum of. 227 
topography of. 42 
Mesenteric plexus, 417 

Metamerism. 21. 120. See also Segmentation. 

Metal halanius, 1(5 

Metazoa, simple, 2 

Moteneephalon, 8. .9, 17 

Methylene blue stain. 553 

Meyncrt’s commissure, 505, 510 

decussation. See Decussation, tegmental. 
fasciculus, 233. 302 
A lie roc Ice t rod es. III 

Microglia. 115, 12(5 
origin of, 1)I 

Microsmatio mammals, 328 
Alierospoet rophotomel rv, 10(5 
.Micturition reflex, 418 
Alidbrain. See Mexencephalon. 

AlaHine. nuclei of, 295 
Aliloeliondria, W0, 110 
Mitral cells, 254, 310, 312 

Alolccular layer of cerebellum, 2(51 
of eep'bral cortex, 351 
of hippocampus, 3 12 
of retina, 2(51 
Arollusc, sensory cells, 7 


Alonakow, tract of, 199 
Alonoplcgia, 123 

Alonotremc, arehipallium. 335, dd5 
Monro, foramen of. See Foramen, interventricu¬ 
lar. 

Alonliculns, culmcn ol, 55 
dedive of. ',5 
A lossy cells, 124 
fibers. 284 

Alotion and cortex, 357—36(5 
abnormalities in. 394, 395. 422 
rhythmic. 3(51 
Alotor aphasia. 377, 57S 

area of cerebral cortex. 357—3(50 

autonomic innervation by, 3(56 
bilateral control, 359 
lesions and recovery, 3(50 
cell. 99, 102, 139 

of spinal cord. 139, 174—179 
centers, cortical, 357, 558 
end plates. 139 
neurons. 5, (5 

primary. 99. 102. 181 
“upper” and “lower.” 39(5 
pathways, for cranial nerves, 399 
exlrapyramidal, 363 
pyramidal, 198. 203 
root of trigeminal nerve, 24(5, 255 
units, 139 

Movement, decomposition of, 290 
Aim ?ous membranes, sensation, 194 
Alultipolar nerve cells, 99, 174, 175 
Aluscle innervation of bladder. 308, 418 
of branchial muscles, 250, 241, 245 
of bronchioles, 416 
of eye, 156, 156, 160, 250 
of facial expression, 245, 272 
of heart. 41(5 
of intestines, 11(5, 417 
of iris. 157, 15S, 250 
of larynx, 273 
of mastication, 271 
of pharynx, 273 
somatic, 25 
of stomach, 417 
of longue, 271, 437 
striated. 150, I 13 
degeneration, 140 
innervation. 1 OS 
and pyramidal supply. 198 
and spinal nerves, 2S 
spindles, 146 
trapezius, 26 

Muscular coordination, 286 
cerebellum and. 286 
Mustelis eanis. 547 
Myelencephalon, 8, 35 
Myelin. 10S, 112 
sheath, 105, 1 12 
Alyclinated nerve fibers, 112 

microscopic structure of, 10S 
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Myenteric plexus of Auerbach, 161 
reflexes, 162 


Nasal capsule, 6.',9 
hemianopsia. 460 
Nauta technique, .3.33 
Neocerebellar lesion, symptoms of. ‘200 

part <>l posterior lobe ol corpus cercbelli. 44 
function. 290 
Neopallium, 02, 328 

Nen ets) (or Nervns). abdneens. 271. 480, 524 
accessory. 2.3. 2//.S, 273. 468 
acoustic. Sec A erre . sioto-acousfic. 

in the dogfish. 9, 11 
auditory. See A erre, stato-acoostic. 
cardiac, superior cerv ical. 100 
carotid, internal. 100. .3.3.3 
chorda tvmpani. 232. H.3 
cochlear. See A erre, acoustic. 
cranial. 21. 22. 20, 237-273. MS. 519, 552 
and cavernous sinus. 2 ?0 
central connections of. 202 
in the dogfish, 10, 11. 5)8, 549 
functional components. 238 
gross relations. 21. 22, JO 
motor path for. 305) 
nuclei of. 2)0, 241 

origin, course, and termination. 269 
reflex paths of. 40.3—418 
in skull. 7 2, 261) 
cutaneous, 134 
of earthworm. 4 

eighth. See A erre. stato-acou.stic and A erre, 
rest ib n la r. 

eleventh. See Accessor// uerre. 
facial. 21. 241. 271. 480, 484, 5J0. See also 
Facial nerve. 

fifth. See A 'erre, trigeminal. 
first. See A erre, olfact or;/. 
fourth. See A erre. trochlear. 
glossopharyngeal. 211, 272. 4 7<S\ 527 
hypoglossal. 27.3, 476', 525 
impulse, conduction of. 110. 11.3 
intercostal, cutaneous branch of. 134 
intermedins. 37, 271 
to Jaeobsohn’s organ, 270 

of Lancisi. See Stria lonyit udinalis mediolis. 
lingual. 271 
mandibular. 271 
net. 4 

ninth. Sec* Glossopharyngeal nerve. 
oculomotor. 242, ,24 /, 2.71. 494, 521, 525 
olfactory. 270. 330. 339. 240 
ophthalmic. 2.36 
optic. 10. 270. .33.3 
development. 48 
in the dogfish, 10, 11 
petrosal, 252 


Nerve(s) (or Nerv ns). phrenic. 133 
pneninogasl ric. S(*c A erre, vagus. 
second. See A erre, opfic. 
seventh. Sec /-acini nerve. 
sixth. See A erre, abdneens. 
spinal. 21. 22.26. 128. 133. 177. .333 
dev elopment of. 9.7 
fiber types in. 133. 13 1 
Innctional components of. 238 
relation to vertebrae. 26. 27 
roots of. 2.3. 26, 27. 177 
splanchnic. 161 

stato-acoust ic. 272. )80, 520. 527 
sympathetic, 1.30 
tenth. See I ay ns nerve. 
lerminalis. 12. 269, .718. 5)9 
third. See Serve, oculomotor. 
trigeminal. 222. 211.271. 4 )8 
central connections of. >02 
exteroceptive paths associated with, 388 
mesencephalic nucleus of. 2.3.3. 2.37 
motor nucleus of, 2 16 
spinal tract of. 2.76-2.78, )02~480 
trochlear. 38. 22.3. 271. )9 2, 522,520 
in the dogfish. 9 
twelfth. See Hypoglossal nerve. 
vagus, 211. 272. 113. ) 17 . 476. 527 
afferent fibers of. 2.73 
and celiac |dcxns. 161 
in the dogfish. 11 

motor nucleus of. dorsal. 216, 2 18, 250 
vagus, and respiratory control. 113 
roots of. 22. 37 
vestibular. 272. 4 80 , ) 8 2 
visceral, composition of. 158, 160 
ol \\ risberg. See Servos intermedins. 
Nerve cells, 98. See also Seorons and (’ells. 
autonomic. See Seorons. 
of cerebral cortex. 100 , 348, 2)9 
motor, lor involuntary muscles, 1.32, 219 
for voluntary muscles. 138 
multipolar. 99 , 171. 174 
regeneration of. 335) 
of spinal cord. 12, I 74 
of sympathetic ganglia, 1.73—1.3.3 
types. 98-103 
Nerve endings. 140—149 
free. 142 
functioning, I 16 
in hair follicles. I 1.3 
in Meissner’s corpuscles. 1 13 
in muscle spindles, I 16. 147 
in skin, I 12, I 13 
in st riated muscle, 139 
in synapse. See Synapse. 

NePve fibers. I I I, I 1.3. See also l ibers. 
autonomic. 1.32 
classification, functional. 137 
collateral, 100 
commissural, 168, 176 
conduction of impulses by. 1 1.3, 116 


(ill) 
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Nerve fibers. connections. 374 
degeneration of. I 17. 191 
development of. SO 
of dorsid root. -40. 131, ITS 
efferent. See Xerre fibers, soma tie and 
visceral afferent. 
exteroceptive. I 10 
interoceptive. 137. I IS. IDS 
to involuntary muscles. 1 73 
kinds of. I 17 

mcdullatcd. See Xerre fibers, myelinated. 
motor. ISO. ->41 
myelinated. I I I 

noimicdidlatcd. See Xerre fibers, unmyeli¬ 
nated. 

peripheral, types. 11-4. 138 
postganglionic. 155 

preganglionic, streams of. 173, I7(!. 4 t8 
termination of. 177 
proprioceptive. 140. IS7 
regeneration of. 0-4. I 17. IIS. 1-43, HO 
Reissner s, -4 t 

of Remak. See Xerre fibers, unmyelinated. 
sensory, 4. I tO 
sheath of, 01. 10S 
soma tie. 140 

unmyelinated. 11-4. 114. 14-4. 100-19-2 
visceral afferent. 137. 14S, 103 
Nerve root. See Root. 

Nervous system. 1. 3, -40. 41 
autonomic. 150—105 
divisions of, 13-4 
central. 4, 3. -40. -41 

anatomical pat tern of, S 
cell lineage of. S!) 
centralization. 4 
development of. 14—10. SO—07 
diffuse, of coeleiilerales. 3. 4 
of earthworm. 4. 5 
ectodermal origin of. 1-4 
histogenesis of. SO 
in vert eh rale. 4-0 
number of neurons in. 373 
origin and function of, I 
parasympathetic. 134. -448 
subdivisions. 41 
sympathetic. 130—105 
vertebrate. 0—8 
Net. nervous, 1 
Neural cavity. 14 
crest. 11, 1-4. 03 
groove. 11, 14 
plate, 11 

tube. 0. 11, 1.1, If; 

differentiation of, SO, 00 
1 1 ii ma 11 , 14 
Neurilemma. 03, 1 1-4 

Neiiroauatoniy. pattern of study of, 545 
study ol. objectives, 545 
Neurobiotaxis, 450 


Non robin.sis, 01—03 

bipolar and unipolar, 0 1 
derivation of. 14. 01 
differentiation and growth of. 0.1 
Nenrochemica I mechanisms. Ill 
Neurofibri Is. 10(5. 10b 
Neuroglia. 01, OS. 143—147 
in cerebral cortex. */}0 
Neurohypo pi ivsis, 307 

antidiuretic hormone in, 310 
Neuromuscular end organ, I Mi 
mechanism. 3 

stages in differentiation. 3 
Neuron (or Neurons), OS—143. See also Cells and 
Xerre cells. 

afferent, development. 03 
association, 5. 1-41. 38-4 
autonomic, 153, -4 IS 
of cerebral cortex. 318—350 
commissural. 17(5. I 7S 
concept of. OS. 00 
development of, 91 
excitatory. I 11 
form of, 00 
inhibitory. Ill 

internuneial, 5. 141, 17S. 181, 382 
interrelation of. 108 
lower motor. 300 
motor. 90 
primary, 1 OS 
number of. in cortex, 347 
in nervous system, 373 
postganglionic. 154 
preganglionic. 154 
sensory, 135 

of various animals, 7 
structure of. 103 
sympathetic. 153-155 
theory. OS 

in tissue culture, 1 I 0 
trophic unity of, 1 10 
Type I and Type II. See Cells, Golgi. 
upper motor. 300 
visceral efferent. 154, 170,418 
Neuron chains. 140—143 
Neuronography, physiological, -2S5 
Neuropil. 1, 5. 1T' ( 

Neurosecretory granules. 483. 31 1 
Neurolendinous end organs, 1 10 
Nicotine block ol autonomic paths. 154 
Ninth nerve. See (tlossopharyngeal nerve. 

Nissl bodies. 101, 103-100. 15If, 553 
Nodes of Rain ier. 11-4. 11.1 
Notch, cerebellar, anterior. If 5, IfG 
posterior. 40 
preoccipilal, 58 

Nucleated sheath. See A curilcnioici. 

Nucleolus, 103, 10Jf 
Nucleus (or Nuclei). 437—473 

of abdueens nerve, 4-44. 443. lift], 457. 5.11 
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Nucleus (or Nuclei), accessory cuucale. -.>08, 472 
of accessory nerve. ‘248 

ol stato-acoustic nerve. See Nucleus, cochlear, 
and A uclcus, vestibular. 
anibiguus, 210. 247. 2.74. 4:53. 4?4 
amygdaloid. GO. 312. 313, 310. 333. 503, 51S 
arcuate. 211. 4:53. 476, 60S 
of Beehterew, 203 

ol brain stem, transverse sections, 4.50—400 
of Burdacli. See Nucleus cuneatus. 
candatns. 312, 313, 317, 514, 637, 6.',3 
centralis superior, 307, 228. 4.58, 60S 
of centrum medianum. 29.5 
of cerebellum. 277, 434, 63h 
eoehlear, 37, 220, 363, h7S, 636 
commissural, 3h0, 2.53, 4.54 
of cranial nerves, 203, 210, 238, 241-273 
cuneatus, 200, 207, 1/66, 4.42 
lateral. 208, 452 

of Darkscliewitsch, 222, 400, hS6 
of Deiters, 203 
dentate, 277, 637 
lesions of, 290 

of dorsal funiculus. See Nucleus gracilis and 
Nucleus cuneatus. 
dorsalis, 170, 188 
of raphe, 227 
of Edinger-Westplial, 249 
emboliform, 277, 63h 
of eminently teres, 31S, 433. hSO 
exteroceptive. 2:5.5 

of facial nerve, motor, 223. 240. 346. h34. 33h 
of fasciculus cuneatus. See Nucleus cuneatus. 
fastigial, 277. 281, 418, 633 
lesions of. 290 

of fifth nerve. See Nucleus of trigeniiiud nerve. 
of formatio reticularis grisca, 4.5.5 
of fourth nerve. See Nucleus of trochlear nerve. 
funiculi euneali. See Nucleus cuneatus. 
gigantocellu laris. 215 
globosus of cerebellum, 277, 377 
of glossopharyngeal nerve. See Nucleus ambig- 
uus and Nucleus of tractus solitarius. 
gracilis, 200, 207, 4.52, h63, 531 
habenular, 394, 302, 63S 
in the dogfish, 10 

of hypoglossal nerve, 41, 210. 24.5. 454, 4 73 

of hypothalamus, 302—300. 510 

of inferior colliculus. 232, 234. 335, 49't, 400 

infratrigeminalis. 4.53 

intercalatns. 41, 300. 4.54, h7h 

interfaseiculus hypoglossi, 4.54 

interpeduncular, 345, 400 

interstitial. 222, 50h 

lateral of aqueduct, 4:59 

reticular, of medulla oblongata. 215 
of thalamus, 290. 297 
lemnisei lateralis, 225, 360, 4.59, 4 03 
lentiformis (or lenticular). 313, 313, .512, 540 
of Ltivs. See Nucleus, subthalamic, 
of mammillary body, 300, 306 


Nucleus (or Nuclei), niarginalis, 4.52 
mesencephalic, of trigeminal nerve, 355 
of midline, 29.5 

motorus dissipatus fornialionis reticularis, 4:5.5 
of oculomotor nerve. 232. 242, 3 't >, 344 . 400, 503 
olivary. 30. 211 

accessory. 310, 453. 4 7S 
dorsal. 453. 4 76 
medial, 310 

inferior. 211. 313, 453. 4 7S, 531, 534 
st ruclare of, 211 

superior, 310, 221, 346. 200, 4.57, 4 S',, 533 
of origin. 202, 2.51 
pallidus of raphe, 4.50 

I >ara median us dorsalis. 2.50, 455. See also \ u- 
elcus of eminentia teres. 
paraventricular. 307 
pedunculopontile tegmental, 4.59 
perivagales. 4:53 
of Perlia, 242 

perpendicular, of formatio retieulares alba, 
4:5.5 

pigmenlosns of locus coeruleus. 4.59 
ponlis, 4.59 

legmentoee rebel laris, 4.59 
tegmentopontilis, 4.59 
pontis. 219, 4:58. 4 00 
pontobulbaris. 31S, 4.50 
post pyramidal. 4.5.5 
praepositis, 4:5.5 
of raphe, dorsal. 227, 4.5.5, 4.59 
and formatio reticularis alba, 4:5.5 
red, 228. 330, 230, 459, 406, 534 
lesions of. 290 
reticular. 21.5 

lateral, of medulla oblongata, 21.5, 4.5.5, 4.58, 
4 76 

retieulolegmenlal. 228, 4.48 
retro facial is. 4.57 
of Roller, 4.5.5 

roof, of cerebellum. See Nucleus, fastigial. 
ruber. See Nucleus, red. 
salivaloriu.s, 330, 344. 2.50, 41.5, 4.54 
of Schwalbe. See Nucleus, vestibular. 
semilunaris of thalamus. 290. 513, 536 
small-celled hypoglossal. See Nucleus of Roller. 
solitarius. See Nucleus of tractus solitarius. 
of solitary tract. See Nucleus of tractus soli¬ 
tarius. 

somatic afferent, general, 25:5 
special. 258 
efferent, 242 

of spinal tract N \ . (of trigeminal nerve). 2.5.5- 
2:58, 463-436 

sublin£imlis. Sec A uclcus of Roller. 
subthalamic (hypothalamic nucleus, corpus 
luysi). 303. 300, 304,314. 505, 536 
supraoptic, 305, 306 
supraspinalis. 4.52 

supratrochlear. See A uclcus, fey mental, dorsal. 
teeti. See Nucleus, fastigial. 
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Nucleus (or Nuclei), tegmental, <lorsal, 255, 459 
medial, 458 
pc<lulieuloponlile. 459 
reticular, 228, 458 
ventral, i25, 458 
lenninal, 251 
of llialainus, '•293—300 
anterior, 294, 290 
anterior ventral, 290 
central, 530 
dorsal, lateral, 297 
lateral, 295 
lateral ventral, 290 
medial. 295 
of mid line. 295 
posterior, 297 
posterolateral, 290 
reticularis, 297 

of tractus solitarius, 210. 254. 453, lf7G 

spinalis trigemini. See A ucleus of spinal tract 

N. V. 

of trapezoid body, 200, 260, 457 
of trigeminal nerve, 223, 224, <0)5, 250, 457, 534 
main sensory, 223, 250 
mesencephalic, 255, 257 
motor, 240, 488 

spinal. See Nucleus of spinal tract A\ V. 
of trochlear nerve, 252, 243. 244- 400, 402 
t u bero ma m m ilia ry, 300 
of vagus nerve, 210, 248. 250, 453, 424 
ventral, of thalamus, 290 

ventralis posteromedialis. See Nucleus semi¬ 
lunaris. 

vestibular, 221, 258, 202, 2G5, 450, 476 
visceral afferent, 252 
efferent, 248 
general, 248 

visceral efferent, special, 245 
Nystagmus, 201, 290, 291 

Obex, 50 

Occipital lobe, 56, 57 
pole, 19 

sulcus, transverse, 58 
Oculomotor nerve, 232, 212, 245, 244 
in the dogfish, 10 
nucleus of, 232, 242 
paralysis, case illustrating, 442 
Odors, types of. 254 
Olfactory apparatus, 251, 327—340 
area of Cajal, 340, 372 
in cerebral cortex, 371 
bulb, I I, 50. 251. 339, 311. 550, 543 
connections of, 251, 341 
in the dogfish. II, 12 
structure of, 

cells of mucous membrane, 7, 312 
center, cortical, 330, 372 
connections ol dienccphalon, 329, 345 
cortex. See Archipallinm. 


Olfactory glomerulus, 340, 341 
gyri. 331, 332 
lobe, 52 

nerve, 25 I. 270. 330, 339, 540 
in the dogfish, 12 
pathways, 344 

sensation, and cortical stimulation, 340 

sensibility and taste, 252 

striae, 329 

suleus, 02 

tract. 330, 342 

in the dogfish, 0 , 10 
trigone, 33, 331 
tubercle. 332 

Oligodendroglia, 05, 125, 125 
Olivary decussation, sectioning of, 212 
Olive (oliva. olivary body), 30, 21 1 
nuclei of. See Nucleus, olivary. 
peduncle of. See Stall: of superior olive. 
Olivocerebellar fibers, 212, 416, 430 
tract, 211 

Olivospinal tract, 193 
Operculum, 55, 59 
Ophthalmic nerve, 250 
Optic apparatus, 200—209 

chiasm a, 11,10, 265, 200, 305, 430, 500, 534 
cups, 13, 15 
lobes, 10 

in the dogfish, 0 , 10 
nerve, 13, 48. 265. 500. 540, 543 
development, 13, 48 
efferent fibers, 270, 271 
in the dogfish, 10 
pathway, 205 
radiation. 207, 268, 540 
recess, 15 

reflex arc, 207, 108, 409 
stalk, 48 

tectum. See Colliculus superior. 
tract, 50, 32, 200, 26G, 500, 540, 543 

blindness in destruction of, 208, 430—444 
vesicle, 48 
Oral sense, 340 
Orbital gyri, 31, 02. 517 
sulci, 31. 517 
Organ of Corti, 259 
Osmic acid stain, 552 
Otic ganglion, 102, 252 
Oval area of Flechsig, 197 

Pacinian corpuscles, 113, 144 
Pain, abdominal. 429 
apparatus of, 190 
central representation, 125 
conduction rate, 1 10 
and cortex, 3(58 
delayed. 148, 125 
esophageal, 129 
in face, 250. 110 
in gallbladder, 429 
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Vain, in head. 427. 430 
liearl and lungs. 428 
localization. 1 18 
operation to relieve. 101,375 
pathways for. 101. 102. 38<>. 3S7 
prostate and hhulder. t20 
and pupillary reactions. 408 
receptors, 1 13 
referred. 104. 420-430 
retained after capsular lesion, 442—444 
skin sensitivity. 148. 425 
spinal path for, 100 
at subcortical level. 300 
as a symptom. +25 
in tabes. 42.1 
and thalamus. 300 
from thorax. 128 
threshold. 120 

and unmyelinated fibers. 101 
uterine. 420 
visceral, 1 10. 420-430 
Paired half-centers. 28.1 

Paleoccrebcllar part of posterior lobe of corpus 
cere belli, 44 
Paleopallium, 328 
Pallidoliypothalamio tract. 300 
Pallidosubthalamic fibers, 310, 317 
Pallidum. 212. 310 
Pallium, 13, 1 o’. 70 
Pal-Weigerl staining method, .152 
Parabigeminal body, 400 
Paracentral lobule, 01 
sulcus, 01 

Paraflocculus, 45. 50 
Parahippocampal gyrus. 01. 332, 522 
Paralysis. 350, 441-443 
arm and leg. 43!) 
and cortex, 350 
crossed. 423 
abdueens, 441 
hypoglossal. 437. 138 
oculomotor, 441 
facial. 142 
flaccid. 350 
spastic. 350 

Paramedian lobule. 45. 539 
Paraphysis. 12 

Parasym pat belie innervalion of bronchioles, 416 
of eye. *50 
of heart. 410 
of intestines. 410. 417 
of parotid gland, -49, 41G 
of salivary glands, 41.3 
of stomach, 410 
of sublingual glands, 415 
of submaxillary glands, 415 
of urinary bladder, 418 

nervous system, 15*. See also Xcrvous system, 
autonomic. 

Paraterminal body, 33*, 332 
Parietal lobe, 56‘, 58 
operculum, 55, 59 


Parielo-oeeipital fissure, GO , 61 
Parkinsonism, 317, 4*5 
Parolfactory area of Broca, 67, 33* 
sulcus, anterior. 0] 

Parotid gland, innervation of, *49, 410 
Pars basalis pout is, *17 
dorsalis ponlis. * 17 
mammillaris hypothalami, 300 
Past -pointing, *90 

Path (or Pathway). See also Fasciculus , Tract , 
and specific names, 
association, i *0—1*3 
auditory, *00, 2 GO 
cerebellorubrospinal. !j0 2, 14)3 
to cerebellum, proprioreptive, 1SS, 39* 
corticobulbar, descending fibers. *01 
corlicopontocerebellar. 40*, J 4 O 2 
corticospinal. See Tract , corticospinal. 
exteroceptive, 187 —194, 383—391 

associated with trigeminal nerve. *3*. 388 
final common. 181, 303. 39 t 
heat conservation and heal loss, 30!) 
hippocampal, 330 
motor, 357 

for cranial nerves, *34, 399 
extra pyramidal, 303, 401 
olfactory, 3*9, 314 
for pressure, 189, 385 
proprioceptive, 188, 391 
rubro-lnilbar, *30 

secondary a Heron t from tract us solitarius, 
*53 

spino-reticulo-thnlnmie, 380 
for taste, *53 

for thermal sensibility, 380 
for touch, 385 
trigeminothalamic, *57 
vasodilator, 103 
vestibular, secondary, *0t, 393 
visual, *00, 388 
Peduncle (or Peduncles), *78 

cerebellar, inferior, 37, *1*. *78, J 4 SO 
middle, 34, 37, 210. *78. 5^0 
superior. 38, **5, **8. 220, *30, *78, 533 
decussation of. **5, **8. 223 
descending collaterals, 220. *30 
cerebral, 75, 30, 3*. *33, VM. 536 

sectioning of, effect upon movement, 300 
of corpus callosum. See Oyrus , subcallosal. 
of flocculus, 51 
mammillary, 307 

olivary. See Stalk of superior olive. 
of pineal body. See Stalk of pineal body. 
Pedunculotegmental fibers, 3^5 
Pelvic plexus, 151, 10* 

Perforated space or substance. See. Substantia 
perforata. 

Periamygdaloid area, damage 1 to, 333 
lesions of, 3*7 
cortex, 37* 

Periarterial plexuses, 161 

Pericellular plexus of spinal ganglion, 137 
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Perikaryon, 100 
Perineurium, 133 
Perincuronal space, 74 
Peripheral nerve endings, 140—145 
nerve fibers, types. 134 
nerves, afferent fibers in, grouping ol, 383 
nervous system, 21 

sensory neurons of various animals, 7 
Perislriate area. 372 
Periterminal net. 157 
Perivascular spaces, 74 
lVrlia, medial nucleus of, *242 
Pes pednneuli. See Basis pedunenh. 

Petrosal ganglion, 272 
sinuses, 72 

Pharyngeal plexus, 151 
Pharynx, muscles of, innervation. 273 
Philippe and Goinbanlt, triangle of. 11)7 
Phrenic nerve, 133 

Physical examination and nervous system, 
420 

Pia mater, 23, 73, 85 
Pia-glial membrane. 125, 172 
Pigment granules in cytoplasm. 107 
Pineal body. 1(», 43, 301. 7)30, 552 
in the dogfish, 10 
Pituicytes. 303 
Placodes, 5)1 
Plate, alar, 16, 239 
basal, 16, 239 
neural, 11 , 89, 90 

Plexiform layer. See under Molecular layer. 
Plexus, aortic, 151 
of Auerbach, 101 
brachial, 22 
bronchial, 151, 101 
cardiac. 151, 100 
carotid, I (if) 
celiac, 100, 101 
cephalic ganglionated, 1G2 
cervical, 22 

chorioid, 16, 32, 52, 75 
coronary, 151 
esophageal, 101 
gastric, 101 
hypogastric, 102 

intercellular, of sympathetic ganglia, 155 

lumbar. 22, 129 

lumbosacral, 22, 129 

of Meissner, 101 

mesenteric, 417 

myenteric, 101 

pelvic, 151, 102 

periarterial, 101 

pericellular, of spinal ganglion, 137 

pharyngeal, 151 

pulmonary, 101 

solar, 101 

submucous, 101 

vesical, 151, 155) 

visceral, 102 


Pnenmotaxic center, 414 
Polarity, dynamic, law of, 110 
Poles of cerebral hemispheres, 55 
frontal, 55 

Poliomyelitis, acute anterior, case illustrating, 
140, 431 

Polymorphic (or Polymorphous) cells, 31)3, 344 
Pons. 8. 16, 17. 37, 217, 531 
anatomy of, 37 

basilar (ventral) portion of, 217, 213 
dorsal portion of, 217 
fasciculi of, longitudinal, 217 
gray matter of, 21!) 
internal structure ol, 217, 218 
nuclei of, 215) 
taenia of, 219 
tegmental part, 220 
transverse fibers of. 217 
Ponlieulus. See Taenia oj fourth ventricle. 

Pontile arteries, 7S 

braehium. See Peduncle, middle cerebellar. 
flexure, 13 
Pontine cistern, 74 
homologue, 217 

Pontobulbar nucleus. 37, 21S, 450 
Position, final, and cortex, 302 
Postcentral sulcus, 58 
Poslelival sulcus, 1)5 

Postganglionic nerve fibers, 155, 100, 103 
neurons, 138, 153 

sympathetic fibers, distribution, 153—155 
terminations, 155 
Potential, rhythmic cortical, 122 
Precentral sulcus, 57 
Precuneus, 61, 02 
Preganglionic nerve fibers, 159 
streams of, 153, 170, 248 
termination of, 155 
neurons, 138, 13S, 153 
sympathectomy, 420 

Pregnancy, influence of hypothalamus on, 311 
Premotor region of Fulton, 300 
Preoccipital notch, 58 
Preoptic region, 309, 518, 520 
Prepyramidal sulcus, 51)1 
Pressure distinguished from light touch, 385 
intracranial. 71 
sensation of, 385 
Pressure-touch, 385 
Presubienlum, 342 
Pretectal region, 207 
Primary motor neuron, 99, 102, 181 
Primitive knot, 12 
streak, 12 

Principle of feedback, 293. 322, 373 
Processus reticularis. See Reticular formation 
(or substance). 

Projection centers, 307 
fibers, 323 

Proprioceptive endings, 145 
functions, 391, 392 


IXDKX 


(> 1 .) 


Proprioceptive nerve fibers. 140. 18? 
nuclei <>l cranial nerves, "2.">7 
paths to cerebellum, 188. 392 
to cerebral cortex, 392 
pathways, 391 
receptors. 140 
Prosencephalic vesicle. 12 
Prosencephalon, 8, 10. 11. 13,30 
development of. 12—17 
Proteins, cytoplasmic, 103 
Protoplasm, 2 

Protoplasmic astrocytes, 124, 124 
Prussian blue reaction. 333 

Psalterium, 33(i. See also Commissure , /»//>;>o- 
c a in pal. 

Psychosomatic medicine and visceral innervation, 
149 

Pterion. 29 
Ptosis, 441 

Pulmonary plexus. 1(51 
Pulvinar. 49. 3/. 297. 30<s. 3 40 
Puncture, spinal. 28 
Pupil. Argyll Robertson, 409 
Pupillary reactions, 408 
Pupillarv-skin rellex, 409 
Purkinjc cells, 283 
Pulamen. 313 

Pyramid (<*r Pyramis). 22. 33. 20b. 400. 331 
composition of. 3(53 
decussation of. 33. 207. 398 
alter lesions. 3(53 

of medulla oblongata. 20. 33, 207 
Pyramidal cells, 100 . 102. 331 
of cerebral cortex, 102, 348 
tract. 197. 3(53 
aberrant. 400 

anterior. See Tract, corticospinal. central. 
crossed. 198 
direct. 198 

persistent fibers alter lesion. 423 
Pyramis. 43. 40 

Pyridine-silver staining method, 333 
Pyriform area. 332, 222 


QrADHKJKMiNAO body, 42. 234 

braehium. inferior. 43, 404. .>03. • >10. 340 
superior, 43. 303, 310 
lamina. 13. 43, 332. 332 


Radiation, acoustic, 321—323 


of corpus callosum, (53 
optic, 2(57 . 202 . O'/O 
soinest belie, 3(57 
tegmental. 307 
thalamic. 31, 323. ■> 43 
Radix. See Hoot. 


Rage, 308 

Ramus (or Rami) eommunieautes. 138. 140, h> }) 
dorsal and ventral spinal. 20. 177 


Ramus (or Rami), of lateral cerebral fissure, 
3(5 

marginal. (51 

Rauvier's nodes, 112, 113 
Rebound phenomenon. 290 
Receptors. 4. 140-148. 410, 413 
for blood pressure. 410 
ehemo-. 4 11 
in lungs. 413 

Recess, lateral, of fourth ventricle, 30. 07 
mammillary. 1(5 
optic. 00. 33S 
suprapineal. 03. GO, 33S 
Red nucleus. See Xuclens, red. 

Referred pain, 1!)4 

Reflex are (or arcs), a, !>?. IKK J?U % 34(5, 

40.) 

auditory, 40S 

blood j)ressure, HO 

for coughing, M)7 

intorsegineiital, 170. 170 

meehanisni of spinal eord, 17S 

micturition, 418 

myenteric, 1 (72 

]>riiniti\e, ISO 

])U])illa ry, K)8 

respiratory, 110 

scratch, of dog. ISO 

after spinal eord transection, US 

vasomotor, in skin and gut, 417 

vestibular, 400 

visceral, I(72 

viscciosoiuatie, HO 

visual, l 2(i7 

for vomiting, 407 

Regeneration of nerve libers, 172, 117, 118. H23 
"Regio occipitalis,” 58 
Region, preoptie, 300. HIS, ~>M 
pretectal, c 207 
Red, island of. See Insula. 

Reissner’s fibers, c 24 
Release phenomena, 4 W 24 

Remak’s fibers. See Serve fibers, unini/elinated. 
Henshaw cells. Ill, 181 
Repression of memories, and cortex, 380 
Reserpinc. 37(5 
Resistance, skin, 132, 1(53 
Respiration, afferent impulses of. 410 
medulla oblongata in. /// 2 
Respiratory center. 11 I W 2 

Restiform body. See Peduncle, inferior cerebellar. 
Reticular complex. 297 

formation (or substance). 107. 211. 220, 23/. 
101. \70 

connections of. 213 
“.stimulation of. 213. 287 
nucleus, lateral, of medulla oblongata. 21a, 
4 70 

thalamus. 21)7 
zone. 303, 314 

Reticulospinal tracts. 200, 231 
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Retienlotegmental nucleus, 228, 158 
Retina, I.‘5. 48, 201 
connections of. 207 
cortical representation of, 207. 870 
development of, 48 
layers of, 204 

Retrolentieular part of internal capsule, 3-20 
Retroperitoneal tissue. 144 
Reverberating circuits. 285. 352 
Rhinal fissure. 55, 01 
Rliiiieneephalon. 13. 327—340 
development of, 13 
diagram of, 332 
projection tracts from, 329 
stimulation of, 330 
Rliinoeele, .9, 330, 5!,d 
Rliomhencephalon, 8 
Rhombic lip, 4-i 
Rhomboid fossa, 3!) 

Rhythmic activity. 1^-2, 181 
Rigidity, 317 
Rod and cone cells, *265 
Rolandic vein. 88 

Rolando, fissure of. See Sulcus, central. 
substantia gelatiuosa of, 107. 452 
tubercle of. See Tuberculuiu cinereuni. 

Roller, nucleus of, d50, too 

Roof plate. 10, 96 

Root of accessory nerve, 248 

anterior spinal. See Root, central. 
dorsal. 20, 134 

ascending branches of. IS 1 ,, 185 
descending branches of, IS.'/, 180 
lateral division of. 180 
medial division of, 180 
of facial nerve. 247 
of glossopharyngeal nerve, dd, dd9 
of hypoglossal nerve. 
mesencephalic, N. \ ., .155 
of oculomotor nerve, 242 
posterior spinal. See Root, dorsal. 
of spinal nerves, 10, d7, dS 
dorsal, 20, 134 
ventral, 20, 184 
of trigeminal nerve. Id 
of vagus nerve, dd 

Rostral boundary of third ventricle, 48 
lamina. 48, 5dS 

Rostrum of corpus callosum. 04 
Rubroreticular trad, did, dd!), 1/Od 
Rubrospinal tract (of Monnkow), 199, 201, 231, 
',01. !)<>d 

Rudiment, hippocampal, 835 
Rulfini, endings of, 143 


Saccim-k, 201 
Sueeus vasculosus, 10, I I 
Sacral autonomic system, 158, 101- 
plexus, dd 


Sacral segment of spinal cord, 170 
stream of preganglionic libers, 100 
Sagittal sections through brain stem, 530 
stratum, external, 518 
internal. 511, 5 IS 

Salivary glands, innervation of, 249 
Salivatory nucleus, Id!), d',0, 249 
Satellite cells, 130 
Sehmidl-Lanterman incisures, 112 
Schultze, comma tract of, 180, 190 

fasciculus longitudinulis dorsalis of. d\5 
Schwalbe, nucleus of. Set' A ueleus, vestibular. 
Sclerosis, lateral, case illustrating, 433 
Scratch-reflex of dog, 180 
Scyllium eat ulus. 11 
Sea anemones. 3 
Second nerve. See A crcc, optic. 

Segmental innervation, 0, 129, ldl 
motor, 137 
visceral, 102 

Segmentation of spinal cord, 24, do 
Selachian, 12 

Self-reexciling circuits, 120, 285, 352 
Semicircular canals, 201 
ampulla of, 201 
Semilunar ganglion, 271 
Sensation and brain lesions, 120 
of cold, 190 
deficits in, 421 
exteroceptive, 140—149 
of hearing, 370 
of heal. 190 
interpretation of, 148 
of movement, 187. 391 
muscle (proprioceptive), 188, 391 
oral, 340 
of pain. 142, 190 
pathways. 188, 201 
of pressure, 385 
receptors, I 10 
of sight. 391 
specificity, 140, 14S 
temperature, 380 
of touch, 140, 385 
visceral, 148 

Sense organs in primitive animal, 202 
Sensory aphasia, 377 
area, cortex, 357, J71 
localization, 357 
and motor fund ion, 302 
projection centers. 807 
recovery after lesions, 308 
secondary sensory area. 308 
skin. 130 

thalamic projection to, 309 
and visceral afferent fibers, 307 
cell. 3. 5. 7. !>d. 93 
dissociation. 1 11, 148 
libers, cells of origin of, 135, 138. 202 
distribution of, 183—193 
of second order, 383—391 
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Sensory ganglia, 13.7, 150 . 138. -,>71 

nerve endings in muscles, joints, and tendons 
143-140 

in skin. 134. 140-149 
nenroldast. 94 
neurons, loti, 4.7.7-4.78 
of various animals. .7, 7 
pathways, summary of. 193 
units. I 48 

Septomarginal fasciculus, 180. 196 
Septum pelhieidum. 03. (},S. 09, 337, 520. 559 
development of, .73, 5Jf 
posterior. median, 44, in , 174 
Serotonin, 37.) 

Seventh nerve. See Serve, facial. 

Sex and the nucleolus, 103 
Shark. See Dogfish. 

Sheath, filial, 17-2 
Icptomcningcal. 146 
medullary. See Sheath, myelin. 
myelin. 9.7 
neurilemma. 9.7 
ol Schwann. See Senrilemma. 

Sheep, brain of, 53S—oli5 
Shock, spinal, 181 
Sign lion. 0 
Sight. organs of. 404 
Silver-stain method. 5.73 
Sinus, carotid, nerves supplying, 410 
cavernous, 84 
circular. 72 
eonduens, 30 
dural venous. 72, 81 
petrosal, 71 
sigmoid, 72 
sphenoidal. air, 72 
sphenoparietal, 72 
straight, 72 
superior sagittal. 72 
transverse, 71 

Sixth nerve. See Serve, ahdncens. 

Skin, sensory nerve endings in. 140—149 
resistance and dermatomes. 134 
Sleep, and hypothalamus. 308 
and thalamus, 499 
Smell, organs of. 348 
Solar plexus. 101 
Somesthetie area. 307 
radiation. 308 
Somatic afferent fibers, 137 

classification according to function, 137 
components. 4.7.7 
efferent column. 444 
fibers, 137 

muscle, innervation of. 10S, 139. 143 
Somnolence. 308 

Sound stimuli, adaptation to. 491 
and reflex arcs. 408 
Space perineuronal. 7 4 
perivascular, 72 
subdural, 75 
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Space. Virchow-Robin, 73 
Spasticity, 3.79, 444, 431 
Speech areas, 57 S 
and cortex, 370 
damage to, 444. 4 43, 4 40 
and dominant hemisphere, 373, 379 
Spider cells, 14.7 
Spinal arteries, S3 

canal. See Vertebral canal. 
cord. 41. 11, 25, 160-184 
afferent paths in. 1N7, 383 
blood supply of. 83 
cell columns of, 175, 176. 177 
cells of, types. 174 
cervical enlargement of. 43. 15 
characteristics of several regions. 169 
columns of. gray. 100 

white matter. 174. See also Funiculus. 
commissures, 166 
cornua. See Columns. 
coverings of. 40. 4 4 
degeneration of. 19 4 
development of. 9.7 
dorsal root of. fibers of. 173, 179 
external form of. 21, 43 
exteroceptive pathways in. 189—19 4 
in fetus and infant, 46 
fiber tracts (fasciculi). 183 
fissure, anterior median, 44 
function, 181 
funiculi. 183 

gray matter (or substance). 169 
area in different regions. 171 
cell columns, 173—178 
development of. 95 
horns. See Columns. 
microscopic struct lire, 174 
nuclei. See Columns. 
hemiseetion of, effect of. 181. 1.36 
histogenesis of. 95 
lesions, illustrating, 48. 431—436 
lumbar enlargement of, 43 15 
lumbosacral segments of, 40 4 
microscopic anatomy of. 174 
reflex ares of, 178 
reflexes after transection. 39.7 
relation of structures to medulla oblongata, 
40 4. 205 

to vertebral columns. 46, 27 
reticular formation. 168 
segmentation of. 47 
substantia grisea, 166 
sulci of. 4 4. 167 
tracts of. 1 S3. I!)4. 200 
v transection, reflex alter. 418 

transverse sections, characteristics at various 
levels. 167 
tumor of. 440 
veins of, 8.7 
and vertebrae, 43—48 
vessels of, 83 
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Spinal coni, while mailer (or substance), 108, 
172 

area in different regions. 15G 
development. 95 
ganglia. 18a. See also Gonyhon. 
cells. Da, 138 
(levelopmenl of. Da 
nerves. See Xerrcs, spinal. 
reflex mechanism, 178 
tract of trigeminal nerve, 255—258 
nucleus of, 255 
Spindles, muscle, 14(5 
tendon. 14(5 

Spinocerebellar tracts, 188. 303, 430 
dorsal. 188. -213. 278 

microscopic structure of. 172 
ventral, 180, 22a 
Spino'olivary fasciculus. 211 
Spino-pontine fibers. 103 
Spino-retieulo-thalamie path. 38(5 
Spinotectal tract, 103 
Spinothalamic tract. 100. 101, 232 
lateral. 387 
ventral. 38a 
Spiracles. 547 

Spiral ganglion of cochlea, 258 
of Corti. 258 
Splanchnic nerves. 101 
Splenium corporis callosi. G4. 322, 337 51$ 
Sponges, 3 

Spongioblasts, 00, 93 
Squalns acanthias. See Dogfish. 

Staining methods, 551 
Stalk of hypophyis, 80 
optic, 48 

of pineal body. 1G. 43. 302 
of superior olive. 221 
thalamic. See Radiation, thalamic. 
Stato-aeonstic nerve. 272. 580. 53(5, 537 
Stellate cells. Sec Cells, grannie. 

ganglion. 1(50 
Stereolropism. 80 
Stereotyped response'. 21. 381 
Stimulation, electrical. 420 
of hypothalamus. 28!). 308 
of rhineneephalon. 330 
Stimulus and response*. 381 
Stomach, innervation of. 11(5 
Slomexleum, 303 
Straight sinus. 77 

Stratum grisenm centralis. 232. 235, 504 
lacimosiun. 3 

lemnisei. 319. 235, 500. 503 
lucidiim. 3 13 
optieiiui, 319. 235 
oriens, 51f3, 344 
profmidiim, 119. 235 
radial mu, 811 
sagittal, external, 530 
internal, 515. 530 


Stratum zonale of superior colliculus. 339, 235, 503 
of thalamus. 203 

Stria (or Striae), aensliea. See Stria medullaris. 
of Baillarger. 3 18 
of (.ionuari, 3 18 
of Lancisii, 500 
lougitudinales laterales, (55 
mediales, (55 , 335 
medullaris. 40, 218. 501. 3 1G. 573 
thalami, 50, 550 
olfactoria lateralis, 33, 331 
medialis, 33, 331 

semicircu laris. Se*c Stria fenninalis. 
terminalis, 40. 51. 307. 333. 515. 530 
Striated muscle. nerve endings in, 1 10. 113 
Striatum. 31(5. See also Corpus striatum. 
Strionigral tract, 233, 317 
Stripe. See* Line and Stria. 

Strychnine, and cortex. 304 

Subarachnoid cavity (or space). 23, 73, 73, 73 

Subcallosal area, 342 

gyrus. See Paraterminal body. 

Snbcnpsular eleuelrites. 155 
Subcommissural organ. 310 
Subcortical association fibers. 324. 372 
Subdural hematoma, 73 
space. 23. 73 
Subieulum. 342. 353 

Snblentieular part of internal capsule, 310. 520 
Sublingual glands, innervation of. 1G2, 415 
Snbmaxillary glands, innervation of, 1(52. 415 
Snbparietal sulcus. (51 
Substance (or Substantia), alba, 9(5. 27(5 
of cord. 157. 17(5 

microscopic structure of, 1GS 
origin. 90 

gelatinosa Rolandi. 1G7. 452 
grisea. 1GG, \95 
innominata. 505. 508 
nigra. 42. 259, 233. 501. 500. 535 
perforata anterior, 32. 551, 34(5, 5 .10, 558 
posterior, 32. 153, 505 
reticularis. See Reticular formation. 
Subthalamic body. 295, 300 
nucleus, 293. 300 
Subthalamus. 300 
and walking. 395 
Sulcomarginal fasciculus. 107 
Sulcus, anterolateral, 24, 25 
axial, 53 
basilar. 38 

calcarine. GO. 00, 3(59 
callosal. See Sulcus corporis callosi. 
central. 55, 511 — 5IS 
centralis insulae. 59. 59 
of Rolando, 5(5 
cerebral. 51, 00 , (51 
eingnli, 31, (51 

circa laris insulae, 59. 59. 531 
corporis callosi, 01 
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Sulcus, frontal, 37 

horizontalis eerebelli. 7/3, 7/6 
hypothalamic, 10, 76. 49 
intraparietal. 38 
lateral, of mesencephalon. 4-> 
lateralis anterior, of spinal cord, <24 
ol medulla oblongata. 33 
posterior, of medulla oblongata. .So 
of spinal cord, <24 
limitans. 76. 40. 90, 2.47. '>.’,0 

insulae. See Sulcus circularis insulae. 
lunatus, 39 
marginal. 01 

medianus posterior spinalis. 24 
of medulla oblongata. So 
occipital. 58 

of oculomotor nerve, 42 
olfactory, 02 
orbital. SO, 02 
paracentral. 01 
parolfactory. 67, 331 
postcentral. 3 .S’ 
postclival. !fO 
posterior intermediate. 2 b 
posterolateral. 24. 20 
precentral, 37 

primarius. See Fissure , primary. 
rhinalis. See Fissure, rhinal. 
subparietal. 01 
temporal. 57 
terminal. 33 

Superior cervical ganglion, 100 
cistern. 74 

Suppressor areas. 304, 300 
Supracallosal gyrus. 03 
Supramarginal gyrus. 38 
Supraoptic commissures, 307 
nucleus. 303. SOU, 311 

Supraopticobypopbvscal tract. 303, 2 ,00, 311 
Suprapineal recess, 63. 66. 5SS 
Suprasegmental structures. 43. 202 
Supratrochlear nucleus. See X Helens, ley menial 
dorsal. 

Surgery and autonomic system. 104 
Sweating, path for. 307 

Sylvius, aqueduct of. See Aqueduct ns cerebri. 

fissure of. See Fissure, cerebral, lateral. 
Sympathectomy, preganglionic. 420 
Sympathetic ganglia. 100-102 
development of, 93 
(Mid formation, 137 
intercellular plexus ol. 139 
innervation of bronchioles, 733’. 410 
of heart. 733, 410 
of intestines. 733, 410. 41/ 
of parotid gland. 733. 249. 410 
of salivary glands. 733. 413 
of stomach. 733, 41 0 
of urinary bladder. 733, IIS 
nerve, cardiac. 733 

fibers, postganglionic, distribution, 133-102 


Sympathetic nervous system. 130. See also Auto¬ 
nomic system. 

and humoral substances. 137 
and hypothalamus. 31 1 
plexuses. 101 
trunks. 21, 22, 130, 138 
Sympathicomimesis. 103 
Synapse. 109, 100 
Synaptic transmission. Ill 
Syndrome. Brown-Sequard, 187, 201. 137 
Parkinsonism. 317 
thalamic. 299 
Weber’s. 142-444 
Synergy. 274. 290 
Syringomyelia. 189 
case illustrating. 134 

Tabks dorsalis, case illustrating. 433 
delayed pain in 14S 
proprioception in. 187 
Tactile conduction in spinal cord. 190 
corpuscles of Meissner. 143 
discrimination. 1 18 
disks of Merkel. 1 13 
localization. 130 
organs. 143—140 
hairs as. 143, l.\5 
path. 190. 28! t 

Taenia ehorioidea of fourth ventricle, 12. 37. 7/76 
pout is. 219 
thalami. 19 
Tangential fibers. 342 
I'apetum. 6), 03. 221, 22b. 3/7/. 527 
Taste, apparatus of. 232. 233. 373 
Teetobulbar fibers. 108 

tract, formation of. 231.230 
Teotoeercbellar tract, 278 
Tectospinal fibers, 408 
tract. 199. 230, }76 
Tectum mesencephali. 234 
Tegmental decussations. 231 

fields of Fore I, 200 . 20J,. 310. 217, 307. 502, 
522. See also Fasciculus thalamicns and 
lenticnla ris. 
nucleus, dorsal. 125 
medial, 438 
peduneulopoiitile. 439 
pons. 220 
process. 438 
reticular. 288. 438 
vent ra I. 228, 438 
radiation. 502, 505, 525 
Tegmentum. 42. 227, 3 IS 

'£ela ehorioidea of fourth ventricle, 17, 7/7. 41. 7/9, 
50, 52S 

of third ventricle. 19, 36, 52S 
Teleneephalic commissures, development ol, 37/ 
Teleneephulizntion. 8 
Telencephalon. 11. 13. 73, 32. 312 
basaI ganglia of, 312 
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Telencephalon, development of, 13 
in llu* dogfish, I I 
medium, :52 
Teloilemlria, 100 

Tempera!lire, apparatus of, 143. 30!). 1 !)0. 3SG 
regulation. Iiypollialaums in <listurlmnees of, 
300, 310 

spinal path for, 100, 3S7 
Temporal gyri, 57 
transverse, .58 
lobe. 56. 57, 323 
sulci, 57 

Temporo pontile tract, 233, 323, .510 
Temlon, pathways of sensations from, 188, 302 
sensory nerve endings in. 146 
spindle. 146 

Tenth nerve. See Vagus nerve. 

Tentorium ecrebelli, 30, 71, 73 
Terminal ganglia, 1.53 
line lei, 2:51 
sulci, .53 

Thalamencephalon. See Diencephalon. 

Thalamic fasciculus, 31G. 317, 510, 522, 53b 
lesions. 209 
nuclei, 203-300 
radiation, .51, 323, 5b3 
syndrome, 299 

Thalamocortical connections. 206, 319, 372 
Thalamo-olivary fasciculus. 212. 210 , 220, b7 b 
Thalamolemporal radiation, 323, 5b3 
Thalamus, 10, 1.5, 4!), 51, 292—300 
afferent pathways through. 292 
cortical connections. 206, 310 
development of, 10 
diagrams of. 52, 203, 205, 206 
in tin* dogfish. 10 
functions of, 208 
laminae, 203 

nuclei of. 293-300, 531, 537 
pulvinar, 51 
radiation, 298, .543 
sensory reception and. 308 
stalk of, 510, 51b . 521 
st rat mu zonule, 293 
surfaces, 49, 52 
syndrome, 290 
taenia, 49 

tubercle of anterior. 49, 51b . 512, 533 
ventral surface of, ;5I 
Third nerve. See Xerrc, oculomotor. 
ventricle, 10, 13, 40. 50. 507, 503 
development of, 13, 13 
in the dogfish, 10 
Thoracic nerves, 120 

segment of spinal cord, 108, 170 
spinal cord, degeneration from compression of, 
106 

sympathetic trunk, 21, 11, 156 
Thoraeieolnmbar autonomic system, 1.52 
Thrombosis, posterior inferior cerebellar artery, 
ease illustrating, 439 
Tickling, and pain path, 388 


Tigroid masses, 102 . 103, 10 4. See also Xissl 
bodies. 

Tissue culture, of neurons, 119 
ret roperitoucal. I 11 
Tolnidine bine stain, .533 
Tongue, innervation of, 21.5, 2.52, 437 
Tonsil of cerebellum, b ( '». 47 
Tonus, muscle, regulation of. 28G, 287, 444 
vestibular. 200 
Topectomy, 37.5 

Touch and pressure, apparatus ol, I 13, 190, 38:5 
spinal path for. 100 
Trabeculae, arachnoid. 73 

Tract (or Traetus). See also Bundle, Fasciculus 
and Bath. 
bulbospinal. 4G2 

bulbothalamie. See Lemniscus medialis. 
of Murdoch. Sec Fasciculus enneatus. 
central sensory. See under Path. 
cerebellar, afferent. 278, 270 
cerebellobulbar. See Trad, jastigiobulbar. 
cercbellolegmental, 219 
comma, of Schultze, 180, 190 
corticobulbar. 234, 321, 323, 390 
corticopontile. 217, 210 , 323, 1 /00. See also 
Trad, jrontopontile, and temporopontile. 
corticoponlocerebellar, 402, b02 
eorticorubral. 310, 323 
corticospinal, 198, 323. 363, 390, 462, 532 
crossed. 198, 207, 396 
decussation of. 207 
degeneration in, 303 
direct, 198, 207, 390 
fiber composition, 303 
lateral, 108, 207. 300 
lesions of, 422, 111, 442 
position in cord. 199 
uncrossed, lateral, 308 
corticothalamic, 323 

direct cerebellar. Sec Trad, spinocerebellar. 

efferent, from cerebellum, 281 

fasligiobulbar, 281 

fiber of spinal cord. 183—201 

of Fleehsig. See Trad. spinocerebellar. 

Irontopontile, 233, 320 

gen ienloea lea fine. 207, 321, 323, 370 

of (mil. See Fasciculus gracilis. 

of (.lowers. See Tract, spinocerebellar. 

habenulopeduneularis, 302, 3b5, 533 

hyi )<) thalamie, 307 

interfascicular, ISO, 100 

lateralis minor, 5/fO 

of Lissauer. See Fasciculus, dorsolateral. 
local segregation in, 333 
mammillotcgmental. 228. 307 
ma mmillot halamie. 30.5, 307. 337, 512, 7)32 
mesencephalic, of X. \ .. 213, b76, b30 
from mesencephalon. See Trod, tectospinal, 
tectobnlbor, and rubrospinal . 
of Mevnert. See Fasciculus retrojlcxus. 
of Monakow. Sec 7 rad, rubrospinal. 
olfactory. 330. 342, 372 
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J met (or Traetus), olivocerebellar. 478. See also 
/■ liter.s, olirocerebellor. 
olivospinal. I!)!) 

optic, 20 . 34. 4<>(>. 200 , 1 , 02 . 520 

blindness in (lestruction of. 4(>8. 430 
pallidohypothalamic, 30(> 
pallidosubtlialamic, 300 
pa raven l rieuloliypophyseal. 307 
pontocerebellar. See H radii am pout is. 
poulospiual. See 7'met, reticulospinal. 
predorsal. See Tract . tectospinal. 
prepv ramidal. See Tract, rubrospinal. 
pro|)rioeeplive, 35)1 
protoplasmic. 155 

pyramidal. See I'ract, corticospinal. 
reticulospinal. 400. 431. 'i<>2 
rubroreticular. 22S. 220, l t 02 
rubrospinal (of Monakovv), 11)5), 401, 431, 402, 
402 

septomarginal. 15)0 
solilarins. 220, 454. 472, 522 
nucleus of. 220, 453 
secondary all’erent paths from, 453 
of spinal cord. 183. 11)4. 400 
spinocerebellar. 188 . 4 1 3 . 44 5 . 4 78 . 35)3. 402, 472 
spino-olivary, 15)3 
spinoreticular. 15)3 
spinotectal, 11)3 
spinothalamic. 11)0. 11)1,434 
lateral, 387 
ventral, 385 
slrionigral, 433. 317 
sulcomarginal. 11)7 
snpraopticolivpophyseal, 307 
teetobulbar, 431, 430’ 
tect occ rebel la r. 478 
tectospinal. 11)5). 430, 476 
tegmento-olivary. 430 
temporopoutile. 222 , 343. 510 
thalamocortical. 473. 45)0. 315). 374 
thalamo-olivary. 4 14. 210, 220, J?$. r i7G 
trigeminothalamic. 434. 388 
tuherohypophyseal. 307 
vestibulocerebellar. 202 
vestibulospinal. 15)5). 202. 404 

of Yicq d'Azvr. See I'ract , ma nimillot lialamic. 
visceral afferent. 454 
efferent. 400 
Tractotomy. 11)1 
Trampiili/.ing drugs, 375 
Trausneuronal degeneration. 110 
Transverse cerebral fissure. 18. 50, 54. o 25 

sections of spinal cord, characteristics at v arious 
levels. 170 
sinuses. 72 

Trapezium. See Trapezoid hod//. 

Trapezoid body. 210. 440. 400. 200, J,S2. 520 
Tremor. 45)0. 317. 444 
and basal ganglia. 317 
in cerebellar lesions. 41)0 
in Parkinsonism, 445 


Triangle of Gomhault and Philippe. 11)7 
Trigeminal nerve. See Scree, trigeminal. 
Trigeminothalamic tract. 434. 457. 388 
Trigone (or Trigonum) acuslica. See Area oenstica. 
collateral. 01), 224 , 54!) 
habenular. 520 

iiilerpeduueulare. See Fossa interpeduncnlaris. 
nervi hypoglossi 40. 540 
olfactory. 22 , 331 
vagi. See Ala cine tea. 

Trochlear nerve. See Scree, trochlear. 

Trophic unity of neuron, 110 
Trmiens corpus eallosi, 03 
Trunks. sympathetic, 150 
cervical portion of, 100 
thoracic portion of, 100 
Tube, neural, 0, 11 

differentiation, 14, 13. 17 
human, 14—17 

development in embryo, 17. 94 
Tuber cineremn. 10. 33. 304. 402 
of vermis. 45, 51/1 

Tubercle (or Tubcrculnm), acoustic. See SHelens, 
cochlear. 

anterior, of thalamus, 49, 50 
cinercnm. 37 
enneate. 30. 408. 5^0 
ollactoriiim. 334 

of Rolando. See 7 nbercnlnin cinercnm. 

I lifted cells, 3 10, 2>. $/ 

l urch's bundle. See Tract, corticospinal. 

Twelfth nerve. See IIi/poglossal neree. 


l-NONATK I'ascicnlns. 345, 225 
fits. 340 

(’liens. 334. 222, 338. 520 
( nipolar cells. 103. 120 
neuroblasts, 02, 93 

l nmyelinated nerve fibers. I 14. 1 1 1. I 14. 15)0—194 
in cutaneous nerves, types of. 134 
microscopic structure of. III 
('riuary bladder, innervation of, 418 
I t ride, 401 
l villa. 45 


V vers nerv e. 411, 474. 413, 417, 470, 527 
afferent fibers of. 453 
and celiac plexus, 101 
in the dogfish, / / 

motor nucleus of, dorsal. w 210, tS, I~)Q 
and respiratory control, t 13 
roots of. •>3? 

Vatlccida. 31 

Yal vc of VicnsMUis. See l ehnn, medullary, an¬ 
terior 

Vasoconstrictor fibers, 103 
Vasodilator fibers, 103 
path, 103 
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Vasomotor center, 411 

fibers and dermatomes, 122 
reflexes and alimentary canal, 417 
Vein, anastomotic, iS'6‘ 
cavernous, 88 
cerebral, 72 
cliorioid, 09 
emissary, 72, S2 
of Galen. 72 
internal cerebral, 69 
middle meningeal. 72 
terminal. 49. 62, 09 
of spinal cord, 8a 

Velum, interpositum. See Tela ehorioidea of third 
vent ricle. 

medullary, anterior, 88. 41. 42. 225, 626 
transversum, 11, 12, 5a I 
Venous drainage of brain, 81 
Ventral nerve cord. 0 
nucleus, 290 
root fibers, 134, 14(5 

Ventricle (or Ventricles) ol brain, 9, 13, 34, 06, 06, 

U i y ( b 

in the dogfish, 9, 10 
fourth, 38, 20.7, J,SS 
floor of, 39 

median aperture ol, 1\1 
taenia of. 40 

lateral, lb, 62, 05. 00. 07—09, 626 

cliorioid plexus of. 60, 62, OS, 09, 75 
sixth (of Verga), 337 
third, 10. 13. 48. 60, 60S 
development of. 13, 18 
Moor of. 49 
roof of. 49 

rostral boundary of. 49 
Ventriculus lerminalis, 108 
Vermis of cerebellar cortex, 43, b6, 276, 219 
Vertebral arteries, 77 
canal, £ I 

column, development of. 20 

relation of spinal cord to, 26, 27, 2S 
Vertebrates, nervous system of, 0 
Vesicles, brain, 12 
optic. 48 

prosencephniie. 12 
Vessels of spinal cord. 83 
Vestibular apparatus, 201 
area of cortex, 371 
ganglion, '--*(>'%!, 202 
nerve, connections of, 272, bSO 
nucleus. 22 1 , 258. 202, 262, 4.70. >,76 
pathways, secondary, '201. 39 t 
reflex are, 400, b*»> 
tonus, 290 

Vestibulocerebellar fasciculus. 219, 201. 327. t8 f 
Vestibulospinal reflex arc. 40(5 
t rad, 199. 102, 204 

Vieq d’Azyr, bundle ol ,200. See also Traci, mam- 
iail to that a mic. 


Vieusscns, valve of. See Velum, medullary, an¬ 
terior. 

Villi, arachnoid. 72 
Virchow-Robin spaces, 7 f 
Viscera, innervation of, 150—105 
Visceral afferent column. 2.72 
brain. 327 

nerve fibers, 137. 118. 193 
effects and hypothalamus. 308 
efferent column, general. 1(58, 170,248 
special, 245 

elYerent fibers, general. 137, 1.72, 108 
special. 24(5 
neurons. 1.70—10.7 
lobe, .9 

paths in cord. 200 
reflexes, 1.70, 340. 410 
responses and cerebellum, 289 
and cortex. 307 
Vision, accommodation of, 408 

fields of. eM’ecls of lesions upon, 130, b21 
Visual apparatus, 264 
development of. 48 
cells, 204 
paths, 200. 388 

receptive center, 200, 309, 871 
reflex arc. 408 

secondary areas and bilateral vision. 370 
Vocalization and cortical stimuli, 27S 
Vomeronasal organ, innervation. 270 
Vomiting, mechanism of, 407, b07, 408 
Vortieella, 2, 3 

Wakefulness and reticular system. 404 
Wallerian degeneration, 117. 194 
Water balance, 310 
intake. 310 

Weber’s syndrome, case illustrating, 442 
Weigert staining method, 552 
Weight of brain, 34 
Wernicke’s zone, 602, 602. 606. 527 
Westphal-Edinger nucleus, 249 
White commissure. 108 

matter (or substance). See Substantia alba. 
rami eommunieaules. 159 
\\ illis, circle of. 80. SI 
Word blindness. 377 
deafness, 377 

Worms, nervous system of, 4, 5, 0 

Zona invert a, 212. SOS, 522 
Zone. See also Layer. 

cortical. See Center, cortical. 

ependymal, 89. 90 

inhibitory. 301 

mantle. 89. 90, 90, 275 

marginal, 89. 90, 90, 275 

of Wernicke (lateral), 502, 502 , 505 , 527 
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